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ABSTRACT 

An experimental study was undertaken to determine the droplet size 

distribution, the droplet spatial distribution and the mean droplet 

ve1oc i ty in 1ow-quali ty, steam-water flow from a iec tangu1ar 

cross-sect ion, convcrgi ng-d iverging nozzle. A unique forward 1i ghl 

scattering technique was developed for droplrt size distribution 

measurements. Droplet spatial variations were investigated using 1ight 

transmission measurements, and droplet velocities were measured with a 

I aser-Ooppler velocimeter (LDV) system incorporat i nfe a confoca I 

Fabry-Perot interferometer. Nozzle throat radius of curvature and 

height were varied to investigate their effects on droplet size. 

Droplet size distribution measurements yielded a nominal Sauter 

mean droplet diameter of 1.7 /zm and a nominal mass-mean droplet diameter 

of 2.4 jim. Neither the throat radius of curvature nor the throat height 

were found to have a significant effect upon the nozzle exit drop let 

s ;ze. The light transmission and LDV measurement results confirmed both 

the droplet size measurements and demonstrated high spatial uniformity 

of Ihe droplet phase within the nozzle jet flow. One-dimensional 

numerical calculations indicated that both the dynamic breakup (thermal 

equilibrium based on a critical Weber number of P.O) and the boiling 

breakup (thermal nonequiIibrium based on average droplet temperature) 

models predicted droplet diamettrs on the order of 7.5 nm which are 

approximately equal to the irmximurr stable droplet diameters within the 

nozz1e jet flow. 

-i i-



TABLE OF CONTENTS 

TI TI.E PACK i 

ABSTRACT *. i i 

ACKNOWLEDGEMENTS v i i 

DEDICATION x 

NOMENCLATURE x i 

INTRODUCTION 1 

LOW-QUALITY, TWO-PHASE NOZZLE FLOWS 10 

General Nozzle Design Operating Conditions 10 

Droplet Atomization Mechanisms 17 

Critical Weber Number Droplet Atomization 17 

Thermal Nonequi1ibrium (Boiling) Droplet Atomization .... 19 

Theoretical Modeling of Low-Quality, Two- vhase Nozz.e Flows .. 20 

Tnermal EquiIibrium Numerioal Model (1D2FAZEQ) 31 

Thermal Nonequi1ibrium Nnmerical Model (ID^FAZNEQ) 35 

Predicted Effect of Nozzle Geometry on Droplet Phase 

Characteristics 28 

Nozzle Throat Geometry for Maximum Velocity Gradient .... 23 

Numer ical Nozzle FlowPredictions 30 

TWO-PHASE FLOW EXPERIMENTAL APPARATUS 37 

Geol hernial Test Fac i I i ly 37 

Two-Phuso Nozzle Test Station 3? 

Experimental Two-Phase Nozzles and Design Considerations 42 

Experimental Nozzle Geometries and Test Conditions 
Dcterriiial jon 42 

— i I i — 



Variable Two-Phase Nozzle 49 

LIGHT SCATTERING DROPLET SIZE DISTRIBUTION DETERMINATION 55 

Light Scattering by Spherical Particles 55 

Particle Size Distribution Determination from Scattered 
Light Intensity Patterns 57 

Particles Large Compared to the Incident Light 
Wavelength 57 

Particles Small Compared to the Incident Light 

Wavelength 58 

Particle Size Distribution Inversion Method 59 

Measured Size Distribution Function Representation 
by a Series of Narrow Individual Size Distributions 60 
Theoretical Verification of Proposed Size Distribution 
Inversion Method 63 

Narrow Monomodal Particle Size Distribution 
Function Inversion 64 

Broad Monomodal Particle Size Distribution 
Function Inversion 74 

Bimodal Particle Size Distribution Function 

Inversion 82 

Experimental Scattered Light Measurement System 87 

Optical System Arrangement 87 

Verification of Optica] Arrangement and Data 
Determination Procedure , 93 

Experimental Nozzle Jet Flow Droplet Size Distribution 
Measurements 95 

Results for Nozzle Numbers 3 - 4 95 

Results for Nozzle Number 5 108 

Comparison of Measured with Predicted Droplet Sizes 113 

DROPLET PHASE SPATIAL DISTRIBUTION DETERMINATION 116 

-iv-



Polydisperse Light Transmission Analysis 116 

Experimental Droplet Phase Spatial Distribution 

Measurement Apparatus 120 

Light Transmission Experimental Arrangement 120 

Shadowgraph Rxper imental Arrangement 120 

Experimental Droplet Phase Spatial Distribution 

Measurements 125 

Light Transmission Measurements 125 

Shadowgraph Flow Visualization Measurements 132 

LASER-DOPPLER VELOCIMETER DR0P1ET VELOCITY DETERMINATION 141 

Doppler Frequency Shift of Light Scattered 

frort a Moving Droplet 141 

Doppler Frequency Shift Determination 144 

Signal Analysis Using Optical Mixing Spectroscopy 145 

Direct Optical Signal Analysis 148 

LDV Considerations for High-Velocity, Liquid-Dominated 

Nozzle Flow Measurements 153 

Doppler Frequency Shift and Measurement Volume Size 153 

Qualitative LDV Arrangement Comparisons for High Droplet 

Concentration Flows 156 

Experimental Dual Beam Backseatter LDV-FPI System 159 

Experimental LDV System Optical Arrangement 159 

Theoretical Doppler Frequency Shift Analysis 162 

Exper imental Doppler Frequency Shi f t Dcterminat ion 167 

Experimental Two-Phase Nozzle Jet Flow Droplet Velocity 

Measurements 172 

SUMMARY AND CONCLUSIONS 180 

RECOMMENDATIONS FOR FUTURE WORK IBB _v-



REFERENCES 190 

APPENDIX A: Mie Theory Light Scattering Relations 307 

References for Appendix A 210 

APPENDIX B: Diffraction Theory Light Scattering Relations 212 

APPENDIX C: Film Calibration and Data Analysis Procedure 219 

Film Calibration and Scattered Light Data 

Recording 219 

Film Density Digitization Procedure 221 

Film Density to Energy Density Conversion 224 

APPENDIX D: Scattered Light Receiving Lens Design and Intensity 

Analysis 228 

Ideal Thin Lens Design 228 

Real Lens Design 230 

Fi lm Plane Alignment 232 

Calibrated Film Energy Density - Scattered Light 
Intensity Relationship 232 
Reference for Appendix D 235 

-vi-



ACKNOWLEDGEMENTS 
I take this opportunity to extend my sincere appreciation to the 

manv people that have helped to make this work possible. I extend my 

gratitude to L. K. Isaacson who, during my undergraduate studies and as 

my M. S. thesis advisor at the University of Utah, instilied in me a 

desire to achieve this goal. I thank H. Brandt, who gave me the help 

and guidance necessary to overcome the system problems (both at LLL and 

U. C. Davis) and to get the process started towards the completion of 

this work. Special thanks are extended to my thesis advisors: 

W. H. Giedt, M. A. Hoffman and C. T. Crowe. Their help, guidance and 

support has definitely been ii.valuable in accomplishing this work. 

My appreciation is extended to my past and present supervisors at 

LLL: E. R. McClure, S. J. Ekstrom, J. G. Rittmann, W. S. Neef, 

T. Perlman, A. L. Austin and A. ff. Lundberg. Their direction and 

support was not in vain. Special thanks are extended to A. L. Austin 

and A. W. Lundberg for their leadership of the geothermal energy 

conversion effort and for their personal assistance towards the 

completion of this work. C. C. Gardiner designed the two-phase nozzle 

test apparatus. His design creativity and insight helped to overcome 

many technical difficulties and possible time delays. The many fruitful 

discussions and helpful suggestions of W, J. Comfort were of great 

assistance. H. Weiss provided a great amount of technical support and 

consultation over the many months cf experimentation. R. T. Hasbrouck, 

N* L. Rector and W. F. Gee gave assistance in designing and 

-vi i-



understanding the instrumentation and recording equipment. The efforts 

of G. H. Lathrop, L. I... Jackson, C. W. Hall and D. W. Hansen concerning 

the operation and maintenance of the experimental system rere greatly 

apprec i ated. Many thanks are extended to D. L. Podesta for his 

perserverance in the assembly - test - disassembly - modify - reassembly 

iteration process that was necessary to determine the final experimental 

arrangement for the droplet characteristics measurements• 

A. A. Andersen competently coordinated the purchase and fabrication of 

the test equipment. W.. W. Wilcox gave a great amount of help 

concerning the different optical arrangements and the shadowgraph work. 

J. B. Sonderman provided assistance in helping me to understand and 

overcome the receiving lens des ign problems. D. Mi lam prov ided the 

initial guidance pertaining to the film calibration procedure, and 

L. D, Thorson provided support for understanding and modi fying the 

calibrated film data analysis computer program. The film development 

and digitization work performed by the Technical Photography group at 

LLL was of great assistance. The computer programming assistance given 

by J. E. SwansGn eliminated many possible problems. S. A. Self gave 

freely of his time and resources to help determine an LDV arrangement 

that could be used successfully in the high droplet concentration, 

two-phase flow. There were several fruitful discussions with F. Durst 

that provided a great amount of insight for solving the LDV problems 

encountered. G. C. Dennis helped greatly through her expert 

coordination of the M. E. Education office and her genuine concern for 

the students. The assistance of R. C. Baxter and H, J. Weaver in 

-v i i i-



formulating the macros for the computer formatting ot this report 

undoubtedly saved many hours of effort. This work was performed under 

the auspices of the U. S. Department of Energy by the Lawrence Livermore 

Laboratory under contract number W-7405-Eng-48. 

Finally, I want to express my appreciation to my family. I ti.ni. . 

my mother, E, Floyd Alger, and my grandparents, Thomas F. and Ida 

F. Quayle, for their support and encouragement throughout my seemingly 

endless educational process. My wife, MaryL M., has now endured through 

two degrees. My apprec iat ion for her support cannot be adequateiy 

expressed. MaryL, I may yet be able to lower the weeds in our back yard 

enough that we can watch the chi idreii play. To iny son, Ethan T. , who 

was born only a couple of weeks before my preliminary exams (now 

3 1/2 years old); the "book" is finished and you can now "write on it" 

too. To my daughter, Kendra M., who was born a few months before my 

qualifying exam (now 1 3/4 years old); "Daddy (can stay) home" more 

often now, ".r.d I wi 1 1 surely enjoy the change. 

http://ti.ni


This work is dedicated to two great men 
that never had such an opportunity: 

my father 

Terrance M. Alger 
1922 - 1904 

and my grandfather 

Thomas F. Quayle 
1900 -



NOMENCLATURE 

a - upper limit distribution function (l'l-I)K) shape parameter 

i\ - combined mirror scattering and absorption 
1 oss coef f i c ient 

Q - Mie scattering coefficient 

,\ - nozzle cross-sectional area 

h - Mie scattering coefficient 

c - speed of 1ight 

C - intensity profile matching procedure optimization 
constant 

•" - size distribution function normalization constant 

C_ - d r o p l e t d r a g c o e f f i c i e n t 

C - Riccati-Bessel function n 

d. - LDV measuring volume diameter 

d* - conical nozzle throat diameter 

D - droplet diameter 

D b - laser beam diameter 

D 3 ; ) - Sauter mean diameter 

e - internal energy per unit mass 

E - two-phase flow governing equation vector 

E, E(8) - energy density 

f - frequency 

f(a) - particle size distribution function 

P - Fabry-Perot interferometer (FP1) finesse 

F ( - lens focal length 

ft(e) - angular scattering function 
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G( 0) - M:e theory amp 1 i tude f unc I. ion 

M - enthalpy per unit mass 

h(0) - spher i cal fiber rat i on def ocua i ng f unc t i on 

|| - two-phase flow governing equation vector 

- Kent Lercd 1i fiht - I ens i ntersec t ion radius 

j(0,n,m) - Mie theory scattering function 

i .(o.n) - diffraction theory scattering function 

l i • Mic scattering funct ions for vertical and hor i zonta! 
polar i'/cd 1 ighL 

i - square root of -1 

i(0) - transmitted light intensity 

I o - incident light intensity 

J(0) - scattered light inlensily per unit solid angle 

Jj, Jjin+i/2) " ordinary Bessel functions of the first kind 

j<j , k s - LDV incident and scattered light direction unit vectors 

K - optical constant 

l - dispersion thickness 

l m v - LDV measuring volume length 

L - nozzle length 

m - particle relative index of refraction 

m v . m t - vapor and total masses, respectively 

m vi m t - vapor and total flow rates, respectively 

n - polytropic expansion exponent 

N - total number of particles scattering light 

N v - particle number density 

P - saturation pressure 



FPI resolving power 

Legendre polynomiaI funci ion 

vapor mass flow rate fraction Quality) 

ironodisperse scotLering efficiency factor 

mean polydisperse scattering efficiency factor 

ULDF normalized width 

radius 

mirror reflectivity 

Iimi t ing radius 

nczzle throat radius 

detected pulse rate from pulse generator 

real part of an imaginary number 

droplet Reynolds number based upon diameter 

object distance 

image distance 

exponential size distribution shape parameter 

t ime 

mirror transmissivity 

FPI 1ight transmission 

temperature 

FSR sweep period of the FPI 

droplet and vapor velocities 

droplet velocity vector 

isentropic homogeneous exhaust- veloci-ty* 

two-phase flow governing equation vector 

- x i i i-



d r o p i e l a:id vapor sp'*c i f i e volumes 

Wohvr mimh'T 

vapor rn/iNs fraction 

ri>cluiif>ulnr no/.v.lc throat height 

orcl i nary H C K S C I 7uric t i on of the .second k i nd 

nozz le axial cl i stance 

par I. ic lc s i zc parameter 

size distribution modaI a i ze parameter 

mass-mean si KG parameter 

minimum size parameter 

mean particle size parameter 

Sauter mean particle size parameter 

maximum size parameter 

size distribution half width size parameters 

LDV alignment angle 

Ught extinction coefficient 

scattering angle integration limit 

ULDF shape parameter 

Doppler frequency shi f t 

FPI frequency free spectral range 

Ooppler frequency shift in light scattered 
from each beam of the dual be^m backscatter 
LDV-FPI system 

LDV collection aperture included angle 
• • * • • • • i . . . . . . 

scattering angle 
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x - t ( uht *• avc length 

fi ~ dynamic viscosity 

7T - l.ogendri* poivnon-al function 

p - twQ-pimsc fluid mixture density 

p p - droplet and vapoi phase dens 11ies 

a - surface tension 

T -integrationvariablc 

T - Legendre pc iynomi a) f unct ion 

T R - pulse integrator response time 

$ - vnp<»r volume fraction 

- LDV beam intcrsocLion half angle 

w - so 1id angle 

Superscript 

• - nozzle throat 

Subscripts 

i, — average 

d - droplet phase 

c - droplet center 

e - nozzle exit 

FSR - FPI free spectral range 

HP - horizontal polarization 

i - spatial index 

k - index counter 



m - measured valm; 

n - index counter 

Nl. - natural ! i«ht 

p - part. ic.'> 

v - vapor phase 

VI1 - vertical pol ar i/.al ion 

n - inlet (stagnation), incident (illumination) or 
reference value 



INTRODUCTION 

Geothermal energy is one of the current alternate energy sources to 

which considerable developmental attention is being given. Major 

research emphusis is being devoted to hot water deposits rather than dry 

team sources because they constitute a majority of the known geothermal 

dcpositi- and be ause dry steam sources can be utilized with conventional 

steam turbine technology. The fluid for the hot water geothermal 

deposits is naturally two-phase at the wellhead unless down hole pumping 

is prov ided. The two-phase mixture of water and water vapor also 

includes various dissolved salts, gases, and other impurities 

(particulate matter, scale, etc.). In certain geothermal fields, i. e. 

the Salton Sea geothermal area of California, the? • impurities can 

account for as much as 30% of the total mass of the gecthermal fluid. 

Conventional two-phase geothermal power plants are based upon a 

single flashed steam cycle. In this process, the two-phase fluid is 

isenthalpically flashed to a lower pressure, the different fluid phases 

separated, and the vapor phase used to drive a conventional steam 

turbine. The separated Liquid phase is discarded, wasting a large 

fraction of the available thermal energy. 

To eliminate the large amount of wasted thermal energy in tht 

discarded 1iquid phase of the single flashed steam cycle, direct 

expansion of the two-phase wellhead product to the condenser fluid state 

in a suitable energy conversion device has been proposed [l] - [3]. 

Thii geothermal energy conversion method, named the total flow process, 
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would utilize the thermal energy contained in both phases of the 

two-phase fluid, resulting in greater conversion of the available 

energy. 

The total flow process is not limited to geothermal applications, 

but can be utilized for any process requiring the use of a two-phase 

fluid in an energy conversion cycle. Because of both the present need 

for energy conservation and the development of new energy sources, 

two-phase expanders should be seriously considered as energy conversion 

machines for waste-heat and solar cycles where the energy density of the 

working fluid is low. 

One possible total flow device, which provided the impetus for this 

study, is an impulse turbine driven by a high-velocity, two-phase 

mixture exhausting from a series of converging-diverging nozzles. 

Because of the high vapor volume fraction, the high fluid velocity, and 

the negligible pressure gradient, the two-phase mixture in the nozzle 

jet can be considered to consist of small spherical droplets suspended 

in a vapor continuum. The efficient conversion of the energy in this 

high-velocity, two-phase fluid by an impulse turbine requires small 

droplets [3], [4], The reason tor this is that large droplets (> 4 Aim 

based upon the theoretical predictions of reference [4]) will not follow 

the vapor streamlines within the turbine blade passages and will collide 

with the blade walls. This results in reduced momentum exchange and 

liquid film pumping losses. 

-2-
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Figure 1. - Engine (isenlropic) efficiency and portion of liquid 
captured as a function of droplet diameter for full admission (Figure 34 
of reference [4]} 



Figure 1 shows the calculated full admission engine (isentropic) 

efficiency as a function of droplet diameter for a particular 

experimental two-phase total flow impulse turbine [4]. f' n e portion of 

the liquid phase that is captured by the blade walls is also she .s a 

function of the droplet size. Experimental testing of this turbine with 

a low-quality, steam-water mixture inlet resulted with a peak single 

admission engine (isentropic) efficiency near 23%. Numerical 

calculations based upon the two-phase fluid inlet and exhaust states 

agreed with this measured efficiency for nozzle exit droplet diameters 

greater than approximately' 2.2 /xm. This indicated that the experimental 

turbine nozzle exit droplet diameter was greater than 2.2 yxm. 

Extrapolations to full admission turbine operation using this 

caleulational method resulted with the information presented in Figure 

1. This figure clearly demonstrates the dramatic increase in turbine 

performance that is associated with a reduction in droplet diameter. 

Thus, an important consideration of this work was the experimental 

determination of the nozzle exit droplet size existing in the 

low-quality, steam-water nozzle jet flows. 

Increases in turbine efficiency with larger droplets present in the 

high-velocity, two-phase flow can b» achieved with longer chord length 

(width) impulse turbine blades to permit increased blade spacing. The 

ideal turbine efficinn'-y as a function of droplet diameter for several 

different blade widths is shown in Figure 2 [4], The ideal efficiency 

Tor the impulse blading- geometry uBed for the calculation presented in 

Figure 1 is fhown for reference as the dashed line in Figure 2. It can 
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Figure 3. - Idealized rotor performance (isentropic efficiency) as a 
function of droplet diameter for various blade widths (Figure 35 of 
reference [43). 
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clearly be seen from this figure that significant performance increases 

can be obtained for droplet diameters < 4 fj.m when using increased blade 

widths, and also that the wheel efficiency increases approximately 

linearly with a reduction in the droplet size. In view of this 

information, a nozzle design which efficiently produces droplets with 

diameters < 4 urn is essential for the design of a maximum efficiency 

turbine. 

Existing two-phase nozzle flow studies can be separated into three 

basic categories; 1) gas-particle, 2) gas-liquid and 3) vapor-liquid 

nozzle flows. The two-phase, gas-particle nozzle flows are the simplest 

to analyze because of the fewer dominant interphase transfer mechanisms. 

Inte.-est in this type of flow has arisen primarily because of the use of 

metalized solid propellants in rocket motors (e. g., see references 

f/5]-[ 14]). The next more complex two-phase f low type is gas-1 iquid 

flow. Interest in this type of flow has been due to a wide variety of 

applications, e. g., gas-liquid jet pumps, magnetohydrodynamic power 

generat ion, and atomization and spraying equipment (see references 

[J5]-[25]). The final category, vapor-liquid two-phase nozzle flow, is 

the most complicated of the three categories because of the highly 

complex interphase transfer mechanisms. Studies of this type of fluid 

flow have been primarily concerned with high-quality steam-water flows 

such as occur in steam turbines (e. g., see references [26]-[33]). 

However, there has also been a signi f icant amount of information 

published about low-quality nozzle flows which were concerned dnly with 

the performance aspects of the nozzles, i. e., nozzle efficiencies, 
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static pressure profiles and mass flow rates (e. g,, see references 

[SO-C40]). 

Unfortunately, the drop!ft phase characteristics of the low-quality 

nozzle flows were not addressed in the previous studies. In particular, 

no information concerning the average droplet size, the droplet size 

distribution, the droplet velocity and the droplet spatial variation 

within the liquid-dominated, two-phase nozzle flows was given. Hence, 

it was determined that an experimental program to measure these flow 

characteri sties was needed. The pr imary objective was to develop 

experimental methods that would yield information concerning the droplet 

phase flow characteristics that are pertinent to both the impulse 

turbine blading and nozzle flow efficiencies for two-phase, steam-water 

mixtures characteristic of self-pumping geothermal wells. 

Measurement of the droplet phase characteri st ics in the 

single-component, two-ph*se, liquid-dominated noz2le flows is diff icult 

because of the high velocities, the small droplet diameters, the high 

droplet number densities, and the complex interphase transfer 

mechanisms, Conventional diagnostics, such as probing techniques, 

become unacceptable because of the serious perturbations introduced into 

the Slow, or due to the harsh environment of the florf itself (see [4i] 

and [42] for reviews of general two-phase flow instrumentation). For 

these reasons, passive measurement techniques cased upon the scattering 

of light were chosen for U»e necessary* two-phase flow measurements. 
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The drop let size distribution measurement te'.hn ique developed in 

this study is a multiparticle light scattering method based upon the 

scattered light intensity variation within the forward scattering lobe. 

The droplet size distribution in the nozzle flow is determined by 

matching the measured scattered light intensity profile with a summation 

of the intensity contributions of a series of appropriately spaced 

narrow band size distributions. A numerical optimization technique is 

used to determine the strengths of the individual bands which yields the 

best agreement with the measured scattered light intensity profile. 

Since analytical studies [43], [44] have shown that droplet diameters 

< 10 fim were to be expected and because droplet diameters < 4 fjm are 

required for efficient turbine operation, the size distribution 

measurement method was developed for this diameter range. T u« technique 

uses the1exact Mie scattering theory [45] because there is no simple 

theoretical light scattering approximation for particles with diameters 

between approximately 1.0 and 5.0 /im for visible light wavelengths. 

The spatial distribution of the droplet phase within the nozzle 

flow was determined through the use of two different light transmission 

measurement arrangements. Measurements of the droplet volume fract ion 

across the nozzle jet was accompli shed us ing a 1ight ext inet ion 

technique, coupled with the results of the droplet size distribution and 

droplet velocity measurement results. Secondly, photographs of the 

droplet phase spatial variation throughout the complete nozzle flow was 

accomplished using a pulsed ruby laser (~ 2 J jn a 20 - 30 ns laser 

pulse) shadowgraph arrangement, 
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The droplet velocity measurement technique developed for this study 

was a dual beam backscatter laser-Doppler velocimeter (LDV) arrangement 

ut i L izing a scanning confocal Fabry-Perot interferometer (FP1) for 

d irect opt ical analys is of the Doppler frequency shift of the scattered 

light. This arrangement is unique in that a reference beam signal is 

not required, and the alignment ease and stability is increanjd over 

that of other LDV-FP1 arrangements because modular optical assembly can 

be readily utilized. 

Before presenting the several experimental phases of this study, 

some basic mater i\I on the theoretical aspects of single-component, 

two-phase flow and a description of the test facility and the initial 

nozzle design and exploratory testing will be given. This will be 

followed by separate sections describing each of the specific 

experimental techniques and apparatus developed and the resulting 

two-phase nozzle flow measurements. The report is concluded with a 

summary of important results and conclusions. 
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LOW-QUALITY, TWO-PHASE NOZZLE FLOWS 

GENERAL NOZZLE DESIGN OPERATING CONDITIONS 

The geot hernial v/c 1 I head condi t ions of Tab le 1 are representative of 

the fluid state corresponding to the high-temperatur , high-salinity 

geothermal wells of the Salton Sea area of California* [l]. The nozzle 

exit pressure was based upon the minimum sink temperature available at 

the Salton Sea area on a warm summer day, thus providing a maximum 

nozzle exhaust velocity for efficient use of the energy resource. This 

ideal des ign condi t ion provided a guide]ine for the nozzle 

experimentation, but it was not strictly followed for reasons of 

experimental convenience. 

Table 1 presents several additional aspects of the two-phase fluid 

expansion. It can be seen that the vapor volume fraction is very high 

throughout a nozzle, but the vapor mass fraction is small. This is 

interesting because it is the vapor phase that provides the 

compressibility effects necessary for the acceleration of the entire 

two-phase fluid within the nozzle. The low volume of the liquid phase, 

when coupled wit^ the high fluid velocity within the nozzle, allows the 

characterization of the two-phase fluid as a cloud of small spherical 

droplets dispersed throughout a vapor phase continuum. The assumption 

of spherical droplets can be strictly applied only within low 

acceleration regions of the nozzle flow such that the droplet surface 

f - This area is a major geothermal field in the United States and has 
been selected for development because the deposits are extensive and of 
comparatively high energy. 
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Tab 1e 1. - Initial nozzle design conditions. 

Variable inlet Exhaust 

Pressure 
Temperature 
Enthalpy 

Vapor volume fraction 
Vapor mass fraction 
Isentropic homogeneous 
exhaust velocity 

Droplet number per 
un i t volume assuming 
a mean di ameter of: 
10 iim 
5 /*m 
1 urn 
Droplet separation 
in diameters 

2.48 MPa (360 psia) 
234 C (435 F) 
1.31 MJ/kg 
(563 Btu/lbm) 
0.84 
0.189 

12.4 kPa (1.8 psia) 
50 C (132 F) 
1.03 MJ/kg 
(444 Blu/lbm) 
0.99984 
0.346 

742 m/s 
(2436 ft/s) 

3.06 x 10 5/cm 3 

2.45 X lOVcm 3 

3.06 X 10 8/cm 3 

14.8 

tension forces dominate the aerodynamic, buoyancy and thermal 

nonequi1ibrium forces that tend to cause droplet deformation. However, 

the spherical droplet assumption will yield rp.lculations that are 

conservative, i. t>., deformed droplets will have better interphase 

coupling and should break into smaller droplets than would occur if the 

droplets remained spherical throughout the nozzle. The experimen'-.al 

light scattering droplet size distribution measurements depend upon the 

spherical droplet assumption and were obtained in the nozzle jel flow 

region where the deformation producing forces on the droplets are small. 

Results presented in reference [46] indicate that the angular forward 

scattered light intensity patterns for spheroidal droplets are very 
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similar to those for spherical droplets, and t.hat the possible errors 

would indicate lurgcr spherical droplets than were actually present. 

Thus, for these reasons and because of the nozzle jet measurement 

location, it is expected that any droplet size distribution measurement 

errors due to nonspherical droplets will be small and that the droplet 

size measurements will be conservative. 

A consequence of the Iarge re 1 at i ve amount of mass present i n the 

liquid phase is a large number of droplets per unit volume dispersed 

throughout the nozzle flow. This factor is of major importance to 

scattered 1ight measurement techniques because of light attenuation and 

associated multiple scattering effects. The Iight attenuation is 

particularly important to the accuracy ot the droplet size distribution 

measurements because Iight scattering theory is based upon single 

spherical particle scattering effects. To ensure that the light 

incident upon all particles within the light beam path is the same 

(i. e., single scattering occurs) the reccmntendation of [32], [47] and 

[48], that the light transmission of the dispersion be > 30%, was 

followed. The light transmission is defined as [49] 

1(0) 
~ j — = exp(->() (1) 

where the extinction coefficient, y, for a monodispersion is given by 

7 - Q (, I l<>D iy4)N ¥ (3) 

<J e J ( t, the acattering efficiency factor, is a function of the droplet 

diameter and index of refraction (see Appendix A for details of the 
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definition of Q c x t and its calculation), I) is the droplet diameter and 

N v is the droplet number density. Figure 3 presents the scattering 

efficiency fiictor, <J„ x l, us " function of the particle size parameter 

The droplet number density of equation (2) can be written in terms of 

the average vapor volume fraction, ^, as 

(l - „) 
N ¥ = — — (4) 

(wD 3/6) 

Thus, by the combination of equations (1), (2) and (4), the light 

transmission equation becomes 

KO) 
expS-

3(1 - / ) Q „ t 

2D (5) 

which expresses the influence of the vapor volume fraction and the 

droplet size. 

Figure 4 presents the light transmission of a low-quality, 

steam-water no27.1e exit flow as a function of the ideal exhaust pressure 

for several monodiameter dispersions (based upon one-uimensiona], 

isentropic homogeneous flow calculations). This graph clearly 

demonstrates the strong effect of both the vapor volume fraction and the 

droplet diameter on the light transmission. 

The vapor volume fraction, f, of the two-phase fluid is given by a 

relationship between the vapor mass fraction, X, the liquid density, p t , 

and the mixture density, p, as 
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(1 - X)/> 
( ! -/)= - - - - - (8) 

I>A 

from which the importance of the two-phase fluid slate upon the droplet 

size disiributon measurement can be seen. The vapor mass fraction of 

equation (6) is defined as 

m 
X = ~ (7) 

m l 

i where m v and m t are the vapor and total masses, respectively, within a 

stationary control volume in the flow. The two-phase mixture density in 

this control volume can be expressed as 

- 1—- " (8) p " [xi;v + (i - x)v d] 

where Vv and V d are the vapor and liquid specific volumes, respectively. 

It must be noted that the vapor mass fraction, X, and the vapor mass 

flow rate fraction, Q, are not the same unless kinetic equilibrium 

exists between tht- phases. The vapor mass flow rate fraction is 

identical to the fluid quality as defined for use with the equation of 

state. The relationship between the vapor mass fraction and the vapor 

mass flow rate fraction is 

m v x 

' " ^ ' [ K + d -X»u„/uv)] < 9 ) 

where m v and m t ore the vapor and total m> ss flow rates, respectively. 

This equation clearly indicates the effect of possible kinetic 

nonequiIibrium. 
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DROPLET ATOMIZATION MECHANISMS 

Critical Webor Number Droplet Atomization 

The classical mechanism for droplet atomization in two-phase flows 

ii; a mechanical rupture resulting from the aerodynamic forces acting on 

the droplet to overcome '.e restraining surface tension forces (see 

references [50] - [55]). The ratio of the aerodynamic forces to the 

surface tension force is the Weber number, which is defined as 

P v K " u d > 2 D 

We » — g (10) 

The critical Weber number, defined as the value of the Weber number at 

the onset of breakup, must be determined empirically. The measurement 

of the critical Weber number requires a knowledge of the droplet and 

vapor (or gas) properties, the droplet and vapor velocities, and the 

initial droplet diameter. Critical Weber numbers for various 

droplet-gas combinations typically range between 6 and 14. However, a 

critical Weber number as low as 1.9 has been reported for a high-quality 

steam-water nozzle flow [32], Extensive experimental studies have been 

conducted by Hinze [50], Lane [51] and others to determine the critical 

Weber number required for droplet breakup. The critical Weber number 

droplet breakup has aiso been shown to be influenced by the droplet 

natural frequency [53], [55] or the manner in which the continuous phase 

velocity varies in time [50], [54], but the aerodynamic force - surface 

tension interaction remains the dominant droplet breakup mechanism. 
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Critical Weber number droplet breakup occurs in high-velocity, 

two-phase nozzles because the droplets are unable to maintain kinetic 

equ i1tbr i um with the acre; Ierat i ng vapor phase - Thi s veloc i ty d i f terencc 

is i\ maximum in the high acceleration nozzle throat region. The maximum 

slablv droplet diameter can be estimated by rearranging equation (10) 

and insert ing an empi r i ciilly determined critical Weber number and ' ither 

a measured or calculated maximum phase velocity difference, to obtain 

D * " - « 2 - — Ml) 

Pvluv ~ "<i) 

This method of maximum dropleL diameter calculation for computer 

programs has been used in references [15] and [43] for detailed 

calculations of quasi-one-dimensional, two-phase nozzle flows. The 

analysis assumes that the droplets breakup to the maximum stable 

diameter, forming a monodiameter droplet disperson. Numerical results 

show that the breakup occurs principally in the nozzle throat region 

where the flui. acceleration is a maximum. Calculations using these 

methods demonstrate that enhanced atomization may occur with nozzle 

throat designs that promote higher vapor phase accelerations (small 

throat diameters and radii of curvature). Thus, the importance of a 

geometry dependent nozzle calculation, as developed by Comfort, 

el. al. [43], for two-phase nozzle flow predictions is evident. 
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Therma I No.ne.qu Li.ibr i.uni _(.Bgji ].nifiJ_Drop Le_L„Atpmjjtal ion 

A second droplet breakup mode I that is especially applicable to 

s ing le-component , two-phuse nozz le f lows is Uie breakup of drople ts due 

'o thermal nonequiIibrium boiling effects [44], This model, named the 

bo i1i ng breakup mode 1, depends only upon the temperature di fference 

between the droplet interior and the vapor phase. In single-component, 

two-phase nozzle flows, the heat transfer resistance from the droplet 

surface to the cont inuous vapor phase is smal1 when compared to the 

thermal res i stance for conduct ion within the drop let itself. As the 

low-quality, two-phase fluid expands through the nozzle, the vapor phase 

cools rapidly. The surface temperature of the droplets is maintained at 

the vapor phase temperature by convection and evaporation, but there is 

a lag of the internal droplet temperature due to the f inite heat 

conduction rate within the droplet, The higher temperature at the 

droplet center leads to boiling (cavitation) and resulting droplet 

breakup. 

For s.iali droplets the surface tension induced internal droplet 

pressure can be significant, which tends to prevent boiling. The 

maximum stable droplet diameter results when the saturation pressure 

corresponding to the internal temperature of the droplet equals the 

externa] pressure plus the pressure due to the surface tension. This 

pressure equilibrium condition can be expressed as 

P(T C) = P(T V) + 4a/D (12) 
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Upon breakup, the newly formed droplets will, in general, be of 

different temperatuiui, depending upon U<r locution of their origin in 

the or i g i na1 droplet. Heeausc of this, it becomes ca1cu1 at i ona1ly 

convenient to use the droplet mass averaged temperature rather than the 

center temperature to determine the maximum stable droplet size. 

Solving equation (12) for this droplet diameter yields [44] 

D = [P(T a) - P(T V)] f 1 3 ) 

The use of equation (13) for the calculation of the maximum stable 

droplet diameter is more fundamental than the use cf the critical Weber 

number breakup cr i ter ion, in that it requires no emp i r icaIly de termi ned 

parameters. 

THEORETICAL MODELING OF LOW-QUALITY, TWO-PHASE NOZZLE FLOWS 

The prediction of single-component, two-phase flow through a 

converging-diverging nozzle is difficult because of the mass, momentum 

and energy transfer mechanisms that exist between the phases. The 

additional complications of droplet - wall impact and boundary layer -

liquid film shear and droplet shedding (the wall liquid film will be 

thin because of the small liquid volume and may be in the form of 

rivulets) in combination with the fluid turbulence effects must be 

considered in the two-phase model for a complete analysis. Even when 

including only the simplest reasonable models, the two-phase equations 

of motion must be solved numerically. Presently available calcula*. loi>al 

techniques are already complex, but they employ relatively simple models 
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and neglect many two-phase f1ow complex i t ies because of a lack of 

experimental information, a phys ica1 unders tand i ng of the phenomena 

invo1ved and the compu ter speed and storage required. 

Because of the specific two-phase nok.zIe flow application which 

prompted this study, it was decided that the quas i-one-d imens ional 

solution technique of Comfort, et. al. [43] would be the most useful of 

the existing two-phase flow solution methods (see reference [43] for a 

discussion of the applicability of the existing two-phase f1ow solut i on 

techniques to total flow impulse turbine and nozzle design work). This 

solution technique is geometry dependent so that the effects of the 

nozzle throat geometry on the droplet phase characteristics can be 

modeled. The thermal equilibrium model (entitled 1D2FAZEQ) [43], 

utilizing a critical Weber number droplet breakup criterion, and the 

thermal nonequi1ibrium model (entitled 1D2FAZNEQ) [44], utilizing a 

boiling breakup criterion, will both be used for the two-phase nozzle 

flow predictions and experimental comparisons. The equations of motion, 

the pertinent assumptions and the solution technique for these two 

numerical methods will be briefly discussed next. 

Therma 1 Equi1ibrium Numerical Model (1D2FAZEQ) 

The numerical determination of the quasi-one-dimensional, two-phase 

nozzle flowfield variables requires the simultaneous solution of either 

a set of coupled partial differential equations or a set of partial 

differential "quations coupled with ordinary differential equations, 
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depending upon the equation formulation reference frame. The different 

possible equation formulations for two-phase flow modeling (e. g , 

Eulerian mixture - Lagrangian droplet, Eulerian vapor - Eulerisii 

droplet, etc.) are discussed in detail by Comfort [4]. The thermal 

equilibrium calculational mode 1 was formulated us ing the part i al 

differential equations corresponding to the two-phase mixture derived in 

an Eulerian reference frame and the ordinary differential equations for 

the droplet phase derived in a Lagrangian reference frame. This 

formulation of the governing equations requires the solution of two 

cont inui ty equat ions, two momentum equat ions, one energy equat ion and 

one equation of state for pure water using thermal equilibrium saturated 

fluid properties. Since the nozzle geometry is specified, the six 

unknown solution variables are: pressure, P, mixture density, p, mass 

fraction, X, vapor velocity, u v, droplet velocity, u d, and droj 't 

diameter, D. 

The time dependent, two-phase Eulerian mixture continuity, rromentum 

and energy equations of motion are written as 

§Mf + „ = o ( u , 

PA 

U = <( pA[Xu v + (1 - X ) u d ] } (15) 

/pA[X(e„ + u v

2 / 2 ) + (1 - X ) ( e d + u^/Z)]] 
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pA[Xuv + (1 - X ) u d ] 

E = < pA[Xu v

2 + (1 - X ) u d

e ] ' + PA ) (16) 

/ P A [ X u v ( h v + u v

2 / 2 ) + (1 - X ) u d ( h d + u d

s / 3 ) ] \ 

- p i > < 1 7 > 

The mixture equations are introduced in this form to facilitate their 

solution using the time dependent MacCormack numerical technique [56]. 

This is a non-centered differencing scheme requiring no explicit 

artificial viscosity for the calculation of Shockwave effects. By 

using time dependence, hyperbolic equations are maintained for both the 

subsonic and the supersonic flow regimes, eliminating flow regime 

matching problems. 

The momentum (droplet drag) equation for an individual droplet, 

derived in the Lagrangian reference frame is given by 

du d 3 p v C D jp 
"d"" dT = ~ 4 D ~ < U v " U">l Uv " udl " d^ < 1 8 ) 

where the droplet drag coefficient, C D, for a single droplet is given by 
[15] 

C D = 3.271 - 0.8B93(ln Re D) + 0.03417(ln Re„) 2 

+ 0.001443(ln He„) 3 (19) 

which is applicable for the droplet Reynolds number range: 
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0.1 < Re D < 2 X 10 4. The effect of nearby droplets or droplet 

deformation on the drag coefficient and the effect of the virtual mass 

and Bassett forces -n the droplets have been neglected for ca^culational 

s imp 1ic i ty, but could be included if des i red. Equat ion (16) is 

applicable to the trajectory of a single droplet for given initial 

conditions. Because a steady-state solution is desired, the initial 

conditions for all droplets of a given size, beginning at a particular 

point in space, is assumed to be the same. Furthermore, the trajectory 

of a single droplet is the locus of all droplets of the same initial 

conditions, throughout problem space. 

Because of the thermal equi1ibrium assumption, either the 

continuity or the energy equation related to the droplet field can be 

eliminated. The steady-state continuity equation is simpler to use and 

is given as 

Droplet size reduction can occur as a result of evaporation 

(equation (20)) or atomization (critical Weber number breakup 

equation (11)); the mechanism producing the smaller size (maximum stable 

droplet diameter) being operative. 

The equation of state (saturation) relations used for the Eulerian 

mixture calculations are 

1/3 
(20) 
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P v = P v ( p ) : Pi = " d < p > < h v = h v < p > •• h d " h d < p ) •• 

«„' = e v < p ) : ed = ed< p> < a l > 

and the equation of state relations used for the Lagrangian droplet 

calculations are 

M v = M V(P) i o = <r(P) (22) 

The saturation properties, rquations (21) and (22), were utilized as 

functions of the saturation pressure, rather than saturation 

temperature, for calculational ease. Cubic spline curve fits of these 

properties, based upon the computerized ASME steam tables [57], were 

used for calculational speed (prior to the use of cubic spline curve 

fits approximately 80% of a problem run time was equation of state 

related). 

Figure 5 presents a description of the numerical solution method 

utilizing this system of equations. An iterative procedure that 

alternates between the Eulerian mixture and the Lagrangian droplet 

systems of equations is used to determine the final steady-state 

solution. 

Thermal NonequiIibrium Numerical Model (1D2FAZNKQ) 

The modification of the thermal equilibrium calculational model to 

include the effects of thermal nonequi1ibrium and boiling droplet 

breakup is conceptually simple. The thermal nonequi1ibrium mode! 
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Yes 

Output 
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END 

Figure 5. - Thermal equilibrium numerical solution procedure (1D2KAZEQ). 
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utilizes the Eulerian mixture equations and the Lagrangian droplet 

momentum equation (equations (14\ - (19)) as in the equi1ibrium model, 

but the droplet continuity equation, equation (20), is repJaced by the 

Lagrangian droplet energy equation written in finite difference form as 

[44] 
D i " d . l ( h v . - e d . i > 

1 + 1 * d , i + l < h v . - e d . l + l ) 

where 

(33) 

h v . = ( h V | 1 + h V i l + 1 ) / 2 (24) 

Droplet size reduction can occur as a result of evaporation 

(equations (23) and (24)) or atomization (boiling breakup 

equation (13)); the mechanism producing the smaller size (maximum stable 

droplet diameter) being operative. 

The equation of state relations for the thermal nonequi1ibrium 

Eulerian portion of the calculations are 

P» - P V(P) i P d - *><i(P) i h v - h,,(P) i e v = e v(P) ; 

h d " " Td < e<l = hd " p/Pd < 2 5> 

and the equation of siatu relations for the Lagrangi^m droplet portion 

of the calculation are given by equation (22). 

The system of equations for the thermal nonequi1ibrium solution is 

now complete except for the relations necessary to calculate the droplet 

temperature. The droplet temperature is modeled using the superposition 
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of two different solutions for thermal conduction in a spherical 

droplet. One soluLion is that of a step temperature change in the 

drop Iet surface temperature, corresponding to the temperature change in 

the vapor phase, as the droplet moves through the computational cells of 

the finite difference grid. The second droplet conduction solution 

accounts for the vapor phase temperature variation (assumed to be a 

ramp) from cell to computational cell. The superposition of these two 

droplet conduction solutions yields an average value for the thermal 

nonequi1ibriurn droplet temperature as a function of position within the 

calculational grid. A schematic of the numerical solution process for 

the thermal nonequiIibrium model is shown in Figure 6. 

PREDICTED EFFECT OF NOZZLE GEOMETRY ON DROPLET PHASE CHARACTERISTICS 

Nozzle Throat Geometry for Maximum Velocity Gradient 

Analytical studies of two-phase, gas-particle flows in rocket 

nozzles [7] have shown that the expansion of the two-phase mixture in 

the throat region can be treated as a single phase with an adjusted 

polytropic expansion exponent, n. The velocity gradient in the throat 

region of an axisymmetric nozzle is then given by 

<_ . r 4 i i / 2 

dz - uv [<n + !)RVj <26» 
where R* Is the throat radius of curvature and d" the throat diameter. 
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Equation (26) is an explicit functional relation from which the 

effects of changes in the nozzle throat radius of curvature and diameter 

on the nozzle throat velocity gradient can be predicted. By increasing 

the fluid velocity gradient (i. e., a reduction in R and/or d ) in the 

nozzle throat region the gas-droplet velocity difference is increased, 

which increases d'oplet breakup due to both aerodynamic forces and 

thermal nonequi1ibrium effects. However, there is a practical limit to 

the minimum values for R'and d* that can be utilized. The throat 

diameter is mainly limited by boundary layer displacement thickness 

considerations and mass flow rate requirements, but as the throat radius 

of curvature becomes very small there will be a radius (depending upon 

the nozzle flow inlet conditions) for which the flow is unable to follow 

the nozzle wall, and boundary layer separation will occur inmediately 

downstream of the nozzle throat. Because of the favorable pressure 

gradient, the boundary layer will reattach at a location downstream of 

this separation point, but. the flow geometry will be determined by the 

fluid flow at the separation point and not the actual nozzle wall 

geometry. Thus, there must be a practical limit realized for the fluid 

acceleration in the nozzle throat region. 

Numerical Nozzle Flow Predictloni 

Although the validity of the computer programs described in the 

previous lections has not been established, they are capable of 

indicating the trends to be expected from nozzle geometry changes. 

Thar*fort, to aid in planning and understanding the experimental 

-30-



program, calculations of low-quality, two-phase nozzle flows were 

carr ied out. These .predict ions were made specifically to investigate 

the theoretical effect of nozzle throat geometry on the droplet phase 

characteristics for rectangular cross-section nozzles (rectangular 

cross-sections were chosen to be consistent with the impulse turbine and 

experimental nozzle geometries). The calculations were made using both 

1D2FAZEQ and 1D2FAZNEQ for three different nozzle thropt radii of 

curvature (2.540 cm, 1.270 cm. and 0.318 cm radii), while the remainder 

of the nozzle geometry was held constant. Also, nozzle flow predictions 

were made using 1D2FAZEQ for the different radii of curvature and two 

different throat heights (0.31S cm and 0.635 cm). The calculations were 

performed for the nozzle inlet conditions and geometries approximating 

avallable experimental values (see the two-phase flow experimental 

apparatus section for a discussion of the use of the theoretical models 

for the initial experimental nozzle design). Both 1D2FAZEQ and 

ID2FAZNEQ were used for the calculations to investigate the changes in 

the droplet phase produced by the different atomization mechanisms. 

ID2FAZEQ calculations are based upon a critical Weber number droplet 

breakup criterion. Although there is no def inilive experimental 

information regarding the correct value of the critical Weber number to 

be used for low-quality steam-water mixtures, these calculations were 

based upon a value of 6,0, which is the commonly used value for 

two-component droplet breakup in nozzles. 
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Figure 7 presents the 1D2FAZEQ predicted nozzle flowfield variables 

for the indicated geometry and inlet conditions. All variables are 

plotted in the same figure to demonstrate the importance of the nozzle 

throat geometry on the droplet phase characteristics. The nozzle throat 

region is the location where esentially all the droplet breakup occurs. 

Droplets are accelerated in the diverging section of the nozzle but 

further breakup is negligible. It should be noted that these 

calculations are based upon the assumption of one-dimensional flow and 

thus, cannot account for any spatial (two- or three-dimensional) 

variation of the droplet phase characteristics. 

The predicted effect of the throat radius of curvature and throat 

height upon the droplet diameter at the nozzle exit for constant inlet 

conditions is shown in Figure 8. This graph clearly demonstrates the 

predicted effect of the nozzle throat geometry on the droplet diameter. 

It can be seen that the droplet diameters predicted by 1D2FAZNEQ are of 

the same order (about 15% smaller) as those predicted by 1D3FAZEQ using 

a critical Weber number of 6.0. A value of 1.0 for the critical Weber 

number results with diameters much smaller than those predicted using 

the boiling breakup model. 

Figure 9 presents the predicted droplet velocity at both the nozzle 

throat and the nozzle exit as a function of the throat radius of 

curvature (tee Figure 8 to correlate with the nozzle exit droplet 

diameter). Because of the nozzle length required to expand the 

•team-water mixture to subatmospheric pressures (A„ • 3 at 101.4 kPa 
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(14.7 psia) while A e • 15 at 13.8 kPa (2.0 psia) because of the large 

water vapor spec i f ic volume changes at subatttjospheric pressures) and 

because of the relatively small differences between the predicted nozzle 

exit droplet diameters jn terms of the droplet momentum considerations, 

the droplet velocity at the nozzle exit is nearly constant with respect 

to the throat geometry variation. At the nozzle throat, however, there 

is a much greater percentage change in the droplet velocity with a 

change in the throat radius of curvature. This velocity variation is 

caused by both the different droplet diameter histories occuring within 

the high acceleration throat region and the different nozzle lengths 

required to reach the minimum area (because of the different radii of 

curvature). 

The results of the calculations presented in Figure 9 indicate that 

the determination of the nozzle exit droplet diameter from a correlation 

between a droplet velocity measurement and a numerical prediction of the 

droplet exit velocity is not practical (see reference [58] for a report 

upon this concept tor a simple two-component, two-phase nozzle flow). 

However, the measurement of the droplet velocity, in conjunction with an 

independent droplet diameter measurement, will provide complementary 

information concerning both the liquid-phase flow within the nozzle and 

the accuracy of the numerical prediction methods. Thus, the droplet 

velocity measurements obtained during this study were used only to 

complement the other measurement techniques in determining the nozzle 

flow characteristics and the pnatial variation of the droplet size and 

concentration within the nozzle jet flows. 
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TWO-PHASE FLOW EXPERIMENTAL APPARATUS 

GEOTHERMAL TEST FACILITY 

The drop let phase character istics studies were conducted using 

nozzles operating at the geothermal test facility at the Lawrence 

Livermore Laboratory. The test facility was designed to provide 

clean-water, two-phas*» flow condi t ions character ist ic of those produced 

at the wellhead of self-pumping geothermal wells. Figure 10 presents a 

schematic representation of the interior of this two-phase flow test 

facility, showing the control room and the different possible test 

stations. Figure 11 is a photograph of the test facility exterior, 

showing the hot water generator, condenser system and related support 

equipment. A complete description of the geothermal test facility is 

given by Weiss and Shaw [59]. 

TWO-PHASE NOZZLE TEST STATION 

Figures 12 and 13 present operational schematics of the nozzle test 

station and nozzle test chamber, respectively. The compressed liquid 

from the hot water generator is isenthalpically flashed to a two-phase 

mixture by a control valve prior to the nozzle entrance. The resulting 

two-phase mixture is then expanded through the test nozzle to an exhaust 

pressure controlled by a condenser - vacuum pump system combination. 

The flash control valve regulates the nozzle inlet pressure by 

controlling the total mass flow rate entering the nozzle, A liquid 

byptss line that connects the hot water generator directly with the 
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condenser system is regulated by an automatic control valve to allow 

variations in nozzle mass flow rate (inlet pressure) to occur while 

maintaining the hot water temperature and pressure (enthalpy) constant. 

The capability for total mass flow rate and thrust measurements are 

included at the nozzle test station (see reference [40]) but were not 

utilized for this study. The pressure and temperature data (hot water 

generator conditions and nozzle static wall taps) were collected in the 

control room (see Figure 1-1) and recorded on paper tape. 

EXPERIMENTAL TWO-PHASE NOZZLES AND DESIGN CONSIDERATIONS 

A total of six different nozzle configurations were tested during 

the various phases of the droplet phase characteristics work. The 

nozzles were rectangular in cross-section and of constant thickness in 

the dimension parallel to the diagnostic Laser beam direction. 

Figure 15 presents the different numerical designations and geometries 

for these nozzles. The nozzles were designed using the thermal 

equilibrium theoretical model (1D2FAZEQ) since the thermal 

noneqisiIibrium model (ID2FAZNEQ) was not available at nozzle design 

time. 

Experimental Nozzle Geometries and Test Conditions Determination 

Nozzle number 1 was designed with the intent of establishing a 

baseline nozzle for the droplet phase characteristics determination 

study, i, e.. an experimental nozzle to.simulate the total flow impulse 

turbine nozzle throat geometry [4] and to provide an experimental 
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Figure H. - Photograph ot the leothermal two-phase flow test facility 
control room. 
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2.540 
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0.635 
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0.325 
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+Transparent sldewalled nozzle. 
+ Nozzle no's. 2 and 5 had a compound angle divergence section. The divergence half 

angle was 17.5 degrees just after the throat, which rapidly tapered into 10.7 degrees 
for the majority of the diverging section length. 

Figure 15. - Numerical designations and dimensions of the experimental 
nozzles, 
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verification of the usefulness of the droplet phase characteristics 

measurement techniques and the accuracy of the numerical flow models. 

The noz.;le was designed to Incorporate the use of transparent sidewalis 

to allow experimentation using all the proposed droplet phase 

diagnostics. The transparent sidewalis were fabricated of 2.54 cm thick 

pyrex glass plates to be able to safely withstand the high temperature 

and high pressure operating conditions (the steam-water mixture 

temperature is 224 C (435 F) at a pressure of 2.5 MPa (360 psia)). A 

photograph of nozzle number 1, as installed in the nozzle test chamber, 

is shown in Figure 16. The nozzle exhaust was connected directly to the 

condenser piping to eliminate the requirement of a vacuum in (or windows 

on) the nozzle exhaust chamber. 

Because of the limited expansion ratio of nozzle number 1 (limited 

to A,/A* - 12.6 for a reasonable divergence angle, length and mass flow 

rate), the exit pressure for the 2.5 UPa (360 psia) inlet pressure, 

18.9% inlet quality nozzle expansion is calculated using 1D2FAZEQ as 

57.9 kPa (8.4 piia). This relatively high pressure and the resultingly 

low vapor volume fraction, when combined with the predicted droplet 

diameter of 5 im and the 1.75 cm nozzle thickness, yields a very low 

value for the light transmission. This eliminated the possibility of 

any light scattering droplet size measurements at the high pressure 

inlet condition. However, a 1D2FAZEQ calculation for this nozzle, 

operating at an inlet pressure of 0.7 UPa (100 pcia) and an inlet 

quality of 99,7%, yielded an exit pressure of 14.5 kPa (2.1 psia) and a 

resulting light transmission of near 82% (the predicted droplet diameter 

-45-



Fifiuro 10, - Photograph or the transparent sidewalled nozzle number 1 
installed in the nozzle lest chamber. 
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increased to 6.1 ^m at this lower pressure inlet condition) for a light 

wavelength of 633.8 nm (He-Ne laser). This calculation indicates that 

light scattering droplet size measurements should be possible at the 

lower nozzle inlet pressure conditions, provided that the predicted 

droplet size is correct. Since the laser-Doppler velocimeter and the 

shadowgraph measurements are not as sensitive to the dispersion 

transparency as the light scattering measurements, nozzle number 1 was 

fabricated for the initial testing of the laser diagnostic techniques. 

During the two-phase flow testing of transparent nozzle number 1, 

several unexpected problems became evident. It was determined that the 

light transmission at the nozzle exit was much lower than that 

calculated using 1D2FAZEQ (indicating much smaller than predicted 

droplet diameters), even at the lowest reasonable inlet pressure of 

344.7 kPa (50 psia) (inlet quality near 34% and exit pressure near 10.3 

kPa (1.5 psia)). This completely eliminated the possibility of light 

scattering droplet size distribution measurements for this nozzle. 

Also, it was found that the droplet - transparent wall impact created a 

thin liquid film on the transparent wall that caused a great amount of 

disturbance to the laser beam diagnostics, causing inaccurate light 

transmission measurements and eliminating the laser beam focus 

intersection necessary for the laser-Doppler velooimeter measurements. 

However, it was determined that the pulsed ruby laser shadowgraph system 

would work well for this transparent nozzle arrangement, yielding 

photographs of the complete nozzle flowfield. 
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The use of nozzle number 1 to test the different diagnostic 

techniques yielded several important results. Because of the high light 

-'tenualion that is characteristic of smaller than predicted droplets 

existing within the nozzle flow, it was determined that very thin 

(parallel with the laser beam direction) nozzles would be required for 

the light scattering droplet size distribution and light transmission 

measurements. The actual nozzle thickness, 0.325 cm (nozzle numbers 2 -

5). was chosen only after extensive consideration of both the light 

transmission requirements and the calculated effects of the boundary 

layer [60]* upon the nozzle flow characteristics. Also, it was found 

that nozzle jet flow measurements of the droplet size distribution, 

droplet velocity and droplet spatial variation were required to avoid 

transparent wall - liquid film disturbaru es. Fortunately, the 

shadowgraph photographs of the entire flowfield could be accomplished 

with the transparent sidewalled nozzles, even when the light attenuation 

by the flow was extremely high (transmission << 20% in the high pressure 

flow regions). These important results led to the design and 

incorporation of the experimental nozzle numbers 2 - 6 (variable nozzle 

arrangements) for the droplet characteristics - nozzle wall contour 

changes study. 

* - A two-phase boundary layer prediction method based upon an integral 
technique was developed to calculate the effects of the boundary layer 
en the flov betwocn turbine blades and in nozzles. Because of the 
momentum source due to the dropletB entering a two-phase dispersed 
drop let-in-vapor boundary layer, tho calculated boundary layer thickness 
and shear stress was essentially constant with distance along the nozzle 
wall. This resulted with a much thinner boundary layer at the nozzle 
exit (this is consistent with the experimental observations) than would 
be predicted by modeling the two-phase boundary layer as a single dense 
phase. 
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Variable Two-Phase Nozzle 

The variable nozzle (nozzle numbers 2 - 6 ) was designed to allow 

extensive experimental flexibility. The nozzle body was designed to 

readily incorporate the use of many different nozzle wall contour 

variations .using replaceable nozzle walls, i. e.. the throat radius of 

curvature, the throat height and the nozzle thickness could be easilv 

modified using interchangeable nozzle wall contours. It was also 

designed to operate both in an open jet mode (using ireial sidewalls and 

enclosed within the nozzle exhaust vacuum chamber) for the light 

scattering droplet size distribu' ion, the light transmission droplet 

spatial distribution and the LDV droplet velocity measurements, and in a 

closed jet mode (using transparent sidewalls with the nozzle connected 

directly to the condenser piping) for the shadowgraph photographs. 

Figure 17 is a photograph of the disassembled variable nozzle showing 

the contours corresponding to the variable nozzle numbers 3 - 5 . 

Photographs of the open jet variable nozzle arrangement, as 

insta'led in the nozzle test chamber, are ^resented in Figures IB and 

19. These figures clearly indicate the complexity of the geometry 

required to contain the nozzle in a sealed vacuum chamber and still 

maintain the close coupling required by the optical components. The 

diffuser was necessary to collect the nozzle jot flow to avoid window 

wetting problems. However, window wetting did occur during warmup and 

when the nozzle was operaling at off design back pressures, requiring 

the wiper arrangement for removing the spray prior to any measurements. 
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Figure 17. - Photograph of the disassembled vari 
wall contours shown correspond to nozzle numbers 
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Figure; IB. - Side view photograph of the variable nozzle open jet 
arraiH'cmonL installed in the nozzle Lest chamber. 
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Also, to avoid window condensation problems, it was found that the 

windows had to be maintained at a temperature higher than that of the 

fluid saturation state within the exhaust chamber. This condition was 

achieved by operating the exhaust chamber at atmospheric pressure 

(i. e., a temperature of 100 C (813 F)) for a period of time to heat the 

windows prior to the droplet phase characteristics measurements for 

which subatmospheric pressure (lower fluid saturation temperature) was 

required. 

A photograph of the transparent walled variable nozzle number 6, as 

installed in the nozzle test chamber, is shown by Figure 20. The nozzle 

exhaust is connected directly to the condenser piping to eliminate the 

requirement of a vacuum in (or windows on) the nozzle exhaust chamber. 

The nozzle thickness was chosen at 1.91 est to be used with the 

shadowgraph flow visualization lytteB only. The transparent walls were 

again fabricated of 2.54 ca thick pyrex glass p'ates to preclude any 

sidewall failures due to the high temperatures and pressures of the 

two-phase nozzle flow. 
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Figure 20. - Side view or the variable transparent walled nozzle number 
6 installed in the nozzle test chamber. 
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LIGHT SCATTERING 

DROPLET SIZE DISTRIBUTION DETERMINATION 

LIGHT SCATTERING BY SPHERICAL PARTICLES 

The light intensity scattered by a spherical particle* depends upon 

the incident light intensity, wavelength and polarization, the particle 

diameter and refractive index, and the observation direction relative to 

the illumination direction. The basic theory for the scattering of 

coifimated monochromatic tight by a single spherical particle in a 

homogeneous medium was developed by Hie [45]. The result for the 

intensity per unit solid angle of the scaltrred light, J(8), as a 

function of the angle from the incident direction is expressed in terms 

of the Hie scattering function, i(«,a,n), by [49] 

J(») - K i(»,a.m) (27) 

where 

The particle size parameter, a, is given by equation (3). Calculations 

based upon equation (27) have shown that for a particle whose diameter 

is nearly equal to the incident light wavelength, the structure of the 

scattered light intensity distribution is very complex. For particles 

much smaller than the incident light wavelength the Mie theory 

* - A discussion of the reasons for the spherical droplet assumption and 
the possible errors involved with nonspherical droplets is presented on 
page 10 of this report. 
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calculations can be approximated by the simpler Rayleigh-Gans theory. 

For particles much larger than the incident light wavelength the simpler 

diffraction theory becomes applicable as an approximation to Mie theory. 

The Mic scattering function, i(*,a,m), and its calculation is presented 

in A.'ucndix A. 

The results obtained from the scattering of light by a single 

spherical particle can be directly extended to the scattering of light 

by a cloud of sionodiameter particles using superposition to obtain [49] 

J(«) « K N i(».a,m) (29) 

•rherc N is the number of particles scattering light. This equation is 

applicable for a monodispersion provided that the light incident upon 

all particles has not been significantly altered by the scattering 

effects of the other particles, i. e,, single scattering occurs. The 

topic of monodisparse particle siv.ing is discussed in detail in 

references [49], [81] - [S3]. 

The light scattered from a dispersion containing particles of many 

different sizes can be determined by the superposition of the scattering 

effects of each particle in a Manner similar fo the monodisperse 

particle sizing represented by equstlon (SB). By defining a particle 

size distribution function, f(a), as 

[ f(«)d. . N (30) 

the scattered light intensity variation caused by a polydijpenlon is 
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g I ven by [61] 

f oo 
J(e) = K I l(«.a,m)f(a)da (31) 

»o 

The use of this result is again limited to dispersions with sufficiently 

low particle concentrations so that single scattering effects dominate. 

PARTICLE SIZE DISTRIBUTION DETERMINATION FROM SCATTERED LIGHT INTENSITY 

PATTERNS 

Particles Large Compared to the Incident Light Wavelength 

in principle, the scattered light intensity variation can be used 

to determine the particle size distribution which produced this 

variation. Many different invest,igatori have studied this problem for 

both large and small particle polydispersions. For large particle 

polydispersiom (a > 20) and small scattering angles (a m sin 6), the 

Mie scattering function, i(e,a,m), can be replaced by the much simpler 

diffraction theory scattering function, i d(#,a), [49] 

aJ,(«»)]' 
)«(•.«> (33) 

for the poiydisperse scattered light Intensity distribution given by 

equation (31). Analytical inversion of the resulting equation to obtain 

an explicit relationship between the particle size distribution 

function. M a ) , and the scattered light intensity variation yields [64], 

[66] 
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Descriptions of the basic large particle polydispersion size 

distribution inversion technique and several variations and applications 

are given in references [33] and [64] - [72] (a summary of the 

diffraction theory based particle size distribution inversion equations 

is presented in Appendix B ) . The large particle techniques could not be 

used for the nozzle jet flow work because the droplets involved are, in 

general, smaller than the lower limit for which diffraction theory is 

applicable. 

Particles Small Compared to the Incident Light Wavelength 

Several different multiparticle light scattering techniques have 

been developed for the determination of particle size distributions in 

polydispersions with diameters less than or nearly equal to the incident 

light wavelength (e. g., see references [73] - [7B]). These methods 

generally require an a priori assumption of the form of the size 

distribution function, with the experimental data providing the 

information necessary to determine the distribution function shape 

parameters. Also, the distribution (unctions must be monomodal and of 

narrow width, otherwise the characteristic patterns in the light 

scattering curves will be masked by the superposition of the patterns 

characteristic to each of the differ,-nt sizes. The experimental 

complexity (large angular and/or many wavelength variations are 

required) in combination with the aforementioned restrictions limited 
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the usefulness of these size distribution inversion techniques for the 

complex nozzle flow conditions. 

Because Df the geometrical constraints imposed by the nozzle 

exhaust chamber (only small ang'c measurements could be reasonably 

obtained) and the small diameter droplets produced by the two-phase 

nozzles, it was found that no existing method for size distribution 

determination could be used. Hccausc of this, a modified optical 

arrangement was devised and a new procedure was developed for evaluating 

the particle size distribution using the measured scattered Light 

intensity proTile. This new method u.»c;s the1 exact Mie theory in order 

to be applicable to the small spherical particle range of interest. 

PARTICLE SIZE DISTRIBUTION INVERSION METHOD 

The numerical inversion of equation (31), a Fredholm integral 

equation of the first kind, for the size distribution function, 1(a). 

has been studied by several authors (e.g., see references [79] - [82]). 

The inversion techniques of Phillips [70] and Hanson [BO] require small 

An stepfi (consistent with the numerical integration quadrature formula 

used) and values of the scattered light intensity at relatively large 

forward scattering angles in order to obtain an accurate result for the 

inverted size distribution function, f(a). These techniques are 

relatively insensitive to groups of small particles with comparatively 

broad size distributions and require high accuracy in the scattered 

light Intensity measurements. These requirements involve undesireably 

long computer run times and greater experimental complexities for the 
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nozzle Jet flow measurements. The statistical inversion method of 

Turehin, et. al. [Bl], as studied in detail by Shifrin, et. al. [83], 

was of limited value because of its complexity and its insensitivity to 

the small particle range (a < 6) for broad size distributions. 

Measured Size Distribution Function Representation by a Series of Narrow 

Individual Size Distributions 

During the investigation of possible size distribution inversion 

techniques It was determined that a conceptually simple inversion method 

based upon scattered light intensity profile matching could be 

developed. This inversion process is accomplished by representing the 

measured scattered light intensity profile by a summation of 

contributions from the intensities produced by a series of arbitrarily 

shaped and suitably spaced narrow individual particle size distribution 

functions. That is> the measured scattered light intensity, J m(e), is 

expressed as 

n 
•>«<»> " S Ck Jk<») (34) 

k-1 
in which the J k(#) are the intensities calculated from an appropriately 

ws> 
spaced series of narrow band particle size distributions, and the C k's 

are constants which determines the contribution of each individual 

distribution. The constants, C k , arc determined by a minimization of 

the sun of squared error between the measured intensity profile and the 

calculated intensity profile using the numerical optimization technique 
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of Powell [83]> Each of the individual intensity profiles, J k(0). are 

calculated using equation (31) as 

Jk(fl) = K I i(fl,a,m)fk(a)da (35) 

Jo 

The individual size distribution functions, f k(a), and their spacing 

must be specified appropriately to approximate the size distribution 

function to be determined. In the limit as n -> DO in equation (34) and 

as the individual size distribution functions of equation (35) become 

delta functions, equation (34) simply reduces to the integral equation 

(31). 

The measured scattered light intensity represented by equation 

(34), when combined with equation (35), yields 

f*> n 
•!„{«)= K i(fl.a,m) J C kf k(a)dc (36) 

Jo k-I 

The measured Light intensity can also be expressed in terms of the size 

distribution function of the polydispersion, f.(a), as 

I. l 3m{») = K i(e,a,m)fB(a)dc (37) 

»o 

By a direct comparison of equations (36) and (37), the measured size 

distribution function, '„(«). becomes 

'-<«) " S C kf k(«) (38) 
k-J 

Thus, by the optimized reconstruction of the measured scattered light 

intensity profile, J.(»), from a series of individual narrow band 

intensity profiles, J k(»). (calculated using the specified size 
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distribution functions, fk(«)) 'he size distribution function of the 

polydispersion, f m(«), can be determined using equation (38). Example 

calculations and experimental mcasircments using this inversion method 

are presented in the following "ect.ons. 

Theoretical Verification of Proposed Size Distribution Inversion Method 

Several numerical experiments were performed to investigate the 

applicability of the scattered light intensity profile matching 

procedure for the inversion of particle size distribution functions. 

The numerical experiments included example inversions of three different 

size distribution functions; 1) a narrow monomodal size distribution, 2) 

a broad monomodat size distribution and 3) a bimodal size distribution. 

Particular attention was given to both the maximum forward scattering 

angle required and the number of narrow band size distributions 

necessary for a given size distribution inversion accuracy. 

Calculations were performed for which a monomodal size distribution 

function was specified, a scattered light intensity profile was 

calculated with equation (31) using this size distribution function and 

the Uie scattering function (the numerical quadrature used was Simpson's 

1/3 rule), and then the optimization technique was applied to determine 

the strengths of the series of assumed narrow band size distributions. 

Any arbitrarily shaped function could conceivably be used to form the 

series of narrow band size distribution functions. However, it was 

found that smooth functions provided the most accurate size distribution 

function inversions. 
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The process for determining an appropriate group of narrow band 

size distribution functions is basically an iterative one. The first 

step is to calculate scattered light intensity profiles for several 

assumed mon^modaI size distribution funct ions. Compar i son of these 

calculated intensity distributions with the true intensity profile 

provides a guide for the particle size range that must be included by 

the narrow band size distribution function series. An assumed series of 

narrow band size distribution functions is then chosen, and the true 

inLensity profile reconstructed with the optimization procedure. If 

acceptable agreement between the optimized and the true intensity 

profiles is not obtained after this reconstruction, the series of narrow 

band size distribution functions must be modified. Continuation of this 

procedure leads to a final series of narrow band size distributions 

which, when their respective intensity distributions are combined using 

the optimisation procedure, yields acceptable agreement with the known 

Intensity .iislribution. 

It was found through these calculations that for the small particle 

range of interest, the inverted size distribution function was very 

nearly the same as the specified distribution function, irrespective of 

the initial solution guess (an initial guess for the C k's is required to 

start the optimizatiun procedure). H was also determined that 

con.Hraints has to be applied to the optimization calculation to 

preclude any large negative C k's that could result in negative values 

for *„(««)- Similar results should be possible for large particle 

po^dispersions, hut due to the increased calcuUt ional time required 
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for the Mie scattering functions, the optimization technique becomes 

inef f ic lent and an i rivers i on rnc thod based upon diffraction theory wou Id 

be better ut i1i zed. 

Narrow Mqnqmqdal Particle Size Disiribuiion Function Inversion - To 

demonstrate the itorative process required for the determination of the 

series of narrow band distribution functions, a narrow monomodal size 

distribution function was chosen and its related scattered 1ight 

intensity pro file calculated using equation (31). The monomodal s i ze 

distribution function wcs formed using the upper limit distribution 

function (ULDF), given by the equation [47], [84] 

C exp(-{ .5 ln[aa/(a w - a)]} 2) 
f(a) = (39) 

0 ( 4 (aoo - " ) 

where C is defined for normalization such that* 

oo 
f(a)do 1 (40) 

The shape of a given ULDF is difficult to specify using the shape 

parameters a and £ of equation (39) because of their geometrically 

indirect interpretations. Because of this, it is more useful to 

elir. inate them in favor of two other variables with more direct 

geometrical interpretations. Two such variables are the modal size 

parameter, a, and the normalized size distribution width, QU L D F " 

' - The use of the size distribution functions given by equations (39) 
and (44) with the definition of C given by equation (40), in 
conjunction with the light scattering integral equation, equation (31), 
is equivalent to the specification of N = 1 in equation (30). 
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Designating the larger and smaller half peak size parameters of the 

distribution function as a + ] / 2 and a_,<2, respectively, the normalized 

function width, QU^DF* L S defined as 

QULDF = K 1 / 2 " a-i/z)/° < 4 1> 

Solving equation (39) for the modal size parameter* a, yields the shape 

parameter, a, in terms of the shape parameter, 6t the normalized half 

width, Q U L Dp. and the half peak size parameters, a±l/2' 

a = («Ja - 1) exp[(l/a2)(2.55/a„- 2)] (42) 

The 'unction half width size parameters, a ± 1/2* a r e related to the shape 

parameters, a and 6, by the transcendental equation 

(t»J,/2/5)4(a00 - a.i/zl/tooo - 5) - 2 exp[-o2({ ln[aa± 1 / 2/( a „ - o t l / 2 ) ] } 2 

- { ln[a5/(a„ - S)]}2)] = 0 (43) 

Thus, by the specification of the normalized function width, Q U L D F . the 

maximum size parameter, a^, and the modal size parameter, a, the ULDF 

shape parameters a and 6 and the resulting size distribution function 

curve can be determined by simultaneously solving equations (41) - (43). 

The narrow monomodal size distribution function chosen for the 

theoretical size distribution inversion method verification was formed 

using equation (39) with a = 7.5, Q U L D f. = 1.0 and aro = 20. Using the 

light intensity profile calculated for this size distribution function 

as experimental data, the series of narrow band distribution functions 
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must now be determined for the si'/c distribution function inversion 

process. To find the modal size parameter range of interest for the 

inversion process, several si zc distribution funct ions were assumed and 

their intensity profiles calculated. Two of these intensity profiles 

(upper and lower curves) arc presented in Figure 21, along with the 

intensity profile calculated for the narrow monomodal ULDF (center 

curve) for comparison. All profiles have been normalized to 1.0 at 

0 = 0 degrees lor this comparison. The scattered light intensity 

profiles for the assumed distribution functions were calculated using 

exponential size distribution functions given by [61] 

f(«) = C (a - a j exp{-[(a - a Q)/S] a> (44) 

for a > o 0. The normalization constant C is determined using equation 

(40), and the shape parameter, S, is defined by 

S = (5 - « 0 ) 3 1 / 3 (45) 

The exponential size distribution functions were chosen for their 

smoothness and because of the simplicity in specifying both the modal 

size and the amount of overlap between successive functions for use in 

the series of narrow band size distribution functions. 

The upper intensity profile of Figure 21 was calculated usin<? an 

exponential size distribution function with 5 = 5 and a 0 = 1G~"J, and the 

lower intensity profile was calculated using an exponential distribution 

function with 5 = 15 and a 0 = 10, It can be seen that the modal si?<» 

parameter of the lower intensity profile is larger than that oT the 

-66-



6 9 
Scattering angle, 6 (degrees) 

Figure %l. - Normalized scattered light intensity profile calculated 
using the narrow mouomodal size distribution function (center curve) 
compared with the normalized intensity profiles calculated using two 
different exponential monomodal size distribution functions (top and 
bot torn curves). 
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narrow monomodal UI.DF. Th i s ix becau.se the larger the particles, the 

higher the intensity gradient, dJ(fl)/dfl, at sma I 1 angles, and 

conversely. Similarly, it can be seen that the sI ope of the upper 

intensity profile is less than that of the intensity profile calculated 

for the narrow monomodal UI<DF. These comparisons indicate that the 

modal size parameter of the monomodal UI.DF is greater than 5 = 5 but 

less than o = 15. From these comparisons, the series of narrow band 

size distribution functions of Figure 22 were chosen. The narrow 

nonomodal ULDF is also shown in Figure 22. The five narrow band 

ti i stri but ion funct ions were chosen to completely span the approximate 

range of particle sizes indicated by the true scattered light intensity 

distribulion and to allow a function overlap near one half to provide 

for the necessary superposition to occur when using the optimization 

procedure. 

Figure 23 presents both the input scattered light intensity profile 

calculated using the monomodal ULUF and the resulting optimization 

reconstructed scattered light intensity profile using the narrow band 

size distribution functions shuwn in Figure 22. The optimization 

procedure was used to match the true intensity profile at 0.5 degree 

intervals for this calculation. The scattering angle range, t - 14 

degrees, was chosen to be consistent with the experimental capability. 

However, calculations indicate that a scattering angle range as small as 

i ~ 5 degrees can be uned to obtain good size distribution inversion 

accuracy for this particle size spectrum. The agreement between the two 
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curves is excellent and can be used as a measure of the size 

di st r i but ion invet ::."i • r ruraty , 

Figure 3-1 presents the nurrow monoinoda I UI.DK, the inverted size 

ti i si r i but ion f unci i on and t be i r respect i vu ca leu I a ted mass f ract tons 

< the determination of which is very important for impulse turbine blade 

flow passage design). The mass fraction is defined by the equation 

Jo 
a) da 

mass fraction = — - (46) 
fan 
J a 3r(a)da 
Jo 

Also presented in this figure arc data comparing the mean particle size 

parameters, the Sauter mean particle size parameters anu the mass-mean 

parlicj«- tsize parameters of the monomodaJ VLDF and the inverted particle 

M Z C distribution functions. The mean particle size parameter is 

def med as 

f<a)da J'oo o 

fao 
I f(a)du 

(17) 

tjird the rinutor muun par t ic le size parameter is given by 
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a a M . i > d « 
I'll 

« 3f(a)do 
Jo 

Tin' muss-mean particle siic parameter, o m m , is defined such that 

I ° m m .1 
a'r(a)da 

Jo 
= 0.5 (-19) 

fincj 

I a af(a»da 
Jo 

From these comparisons, the accuracy and uniqueness of the constrained 

optimization size distribution inversion method can be seen. 

If the input narrow monomodal Ul.DK and lh = reconstructed scattered 

light intensily profiles of Figure 23 had been significantly different, 

the size distribution inversion accuracy would have be,»n poor and a 

different set of narrow band distribution functions would have been 

nerc.ssory (based upon the results of the first set) to provide a better 

inversion accuracy, This iterative process for the determination of the 

narrow band size distribution functions must be continued until the 

reconstructed scattered light intensity profile matches !he true 

intensity profi |o within acceptable accuracy limits. The iteration 

procedure used to obtain the series of narrow band size distribution 

functions generally converges within one or two different series 

is sumptions. 
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Broad MonomoduI Particle Size Distribution function Inversion - To 

furlher verify the usefulness and accuracy of the narrow band size 

distribution inversion method, a broad monomodal particle size 

distribution was chosen and its related scattered light intensi'y 

pattern was calculated to be used as though it were experimental data. 

The particle size distribution was formed by using 3 ULDF with 5 = 22, 

«tn,DP = ° ' 7 S a n d °» = 50-

The inversion of this distribution function follows the same 

process as that which was used for the narrow particle size distribution 

function inversion. The scattered light intensity profiles for several 

different assumed particle size distributions were calculated and 

compared with the intensity profile calculated using the broad monomodal 

size distribution. This comparison was made to determine the 

appropriate range in the modal siz_ parameter that must be covered by 

the narrow band size distribution functions. Based upon this 

comparison, the series of narrow band size distribution functions shown 

in Figure 2fi was chosen. The broad monomodal size distribution function 

is also shown in this figure for comparison. 

The intensity prollie calculated using the broad monomodal size 

distribution and the intensity profile resulting from the narrow band 

sixt- distribution optimization process (intensity profiles matched at 

0.5 decree intervals) is shown in Figure 26. The scattering angle 

rang*. I - 10 degrees, was chosen to be consistant witi. the experimental 

p»p»bHHy, From the agreement between these intensity prof i les it 

-74-



0.16 

1 — , — F — , — j . - , — j — , _ 
Narrow band size distribution functions 

— — — - Broad monomodal ULDF 

20 30 40 
Particle size parameter, a 

50 60 

I-'isurf 25. 
Timet ions. 

Narrow band and broad monomodal si/.r distribution 

-75-



10 s 

t o * -

Broad monomodal 
ULDF intensity 
profile 

Reconstructed intensity 
profile 

Index of refraction - 1.33 

4 6 

Scittering ingle, Q (degrees) 

Kifiurn 26, - Input broad monomodal mid narrow bund roeonstrueli 'd 
d i s l r i p i ' l ion Hcutiorcd I ifiNt in tens i ty p r o f i l e comparison. 

-TO-



0.06 

0.04 

0.02 

1.0 

- 0.8 % 

= 22.35 
= 25.75 

%m m 2 7 2 8 

0.6 E 

0.4 

0.2 

20 30 40 
Particle siie parameter, a 

50 60 

Finnic ;??. hurried hromi niotiomntiul ,s-j/i' ill s> r itml i on tuiwlion ano M 
mitsH r rijt'1 ion p r o f i Iv . 



appears that there is good accuracy in the particle size distribution 

inversion. However, the inverted size distribution function and the 

resulting mass fraction, shown in Figure 27, indicates that a second 

assumption for the series of narrow band size distribution functions is 

needed. 

The second assumption for the series of narrow band size 

distribution functions is shown in Figure 28. The broad monomodal 

particle size distribution function is also shown in the figure for 

comparison. The narrow band size distribution functions were broadened 

to allow more smoothing of the inverted size distribution function and 

to utilize fewer functions for the intensity profile matching process. 

The intensity profile calculated using the broad monomodal size 

distribution and the intensity profile resulting from the optimization 

process using the second assumed series of narrow band size 

distributions is shown in Figure 29. The agreement is such that the two 

intensity profiles are nearly identical. This indicates that the 

inversion of the broad monomodal size distribution is accurate. 

Figure 30 presents the broad monomodal size distribution function, 

the inverted size distribution function and their respective mass 

fractions. Also presented are the different mean particle size 

parameters for the broad monomodal and inverted size distribution 

functions. These comparisons confirm the excellent inversion accuracy 

indicated by the intensity profile matching procedure. The much better 

agreement in this case suggests that the best inversion accuracy is 
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obtained when the true size distribution is spanned by approximately 

four of the narrow band size distribution functions {compare Figures 25 

and 28). Also, it is interesting to note that even with the poor size 

distribution inversion that occurred for the first series of assumed 

narrow band size distributions (compare Figures 27 and 30) the mean size 

parameters and the mass fraction, both determined from an integration of 

the inverted size distribution function, were accurate. This has also 

been found to be true for other broad size distribution function 

inversions, and it indicates that the mean size parameters can be 

determined accurately without the need for an exact inversion of the 

s ize di str ibution function. 

Bimodal Particle Size Distribution Function Inversion — The 

theoretical inversion of a bimodal particle size distribution using the 

narrow band size distribution intensity profile matching method was also 

accomplished to more fully demonstrate the applicability of this method. 

The bimodal size distribution function was formed by the addition of a 

ULDF with a = 5, Q u L D F = 1 . 0 and a M = 50 to a second ULDF with a = 25, 

QU L D F = u , s a n d aoo - 5 0 * T n e second ULDF was multiplied by 6.0 to 

amplify the relative magnitude between the two functions. 

The bimodal size distribution function and the assumed narrow band 

distribution functions are shown in Figure 31 for comparison. The 

narrow band size distribution functions were chosen in a manner similar 

to that which was used previously for the monomodal size distribution 

function inversions. The scattered 1ight intensity prof i le for the 
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bimodal size distribution function was calculated using equation (31) to 

be used as though it were exper imental data. Then, the scattered light 

intensity profiles of several assumed size distributions were calculated 

for comparison with this intensity profile to determine the modal size 

parameter range that must be covered by the narrow band size 

distribution functions. 

Figure 32 presents the scattered light intensity profile calculated 

using the bimodat size distribution function and the resulting 

optimization reconstructed scattered light intensity profile using the 

narrow band size distribution functions. The optimisation procedure was 

used to match the true intensity profile at 0.5 degree intervals for 

this reconstruction. The scattering angle range, 1 - 1 4 degrees, was 

chosen to be cons istant wi th the exper imental capabi1i ty. However, 

calculations indicate tht'. a scattering angle range as small as 1 - 10 

degrees could be used to obtain good size distribution inversion 

accuracy for this particle size spectrum. Scattered light intensity 

information concerning the small size spectrum of the bimodal size 

distribution is masked by that of the large size spectrum of the 

distribution when the scattering angle range is limited to •* 10 degrees. 

Good size distribution inversion accuracy is indicated by the excellent 

agreement between the true and reconstructed scattered light intensity 

profiles shown in Figure 32. 

Figure 33 presents the bimodal size distribution function, the 

inverted size distribution function and their respective mass fractions. 
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Also presented are the different mean particle size parameters for the 

bimodal and inverted size distribution functions. As with the monomodal 

size distribution inversions, the agreement between the input and 

inverted functions is excellent. The capability for multimodal size 

distribution function inversions is very important to the understanding 

of two-phase nozzle flows, since flow channeling of the droplet phase 

and boundary layer - liquid film shearing action at the nozzle wall 

appears to cause complex particle size distribution functions (see the 

experimental work presented in references £71], £85]). 

EXPERIMENTAL SCATTERED LIGHT MEASUREMENT SYSTEM 

Optical System Arrangement 

The purpose of the experimental light scattering system was to 

measure the scattered light intensity, J m(o), as a function of the 

scattering angle for the determination of the droplet size distribution 

in the two-phase, liquid-dominated nozzle jet flow. This measurement 

was accomplished using the optical arrangement shown schematically in 

Figure 34. A photograph of the beam forming and film calibration optics 

is shown in Figure 35. Photographs of the open jet two-phase nozzle 

installation as seen from the side and top of the nozzle exhaust chamber 

are shown in Figures IB and 19, respectively. A photograph of the 

scattered 1ight collecting lens and calibrated f iIm arrangement 

installed at the nozzle test chamber is shown in Figure 36. These 

photographs clearly illustrate the geometrical complexity involved with 
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light intensity profile measurements. 



Figure 35. - Photograph of the beam forming and calibration optics for 
the experimental scattered light measurement system. 
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Figure 36. - Photograph of the scattered light collecting lens and 
calibrated film arrangement instal led.j-at the nozzle test chamber. 
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the installation and operation of the optical system for the two-phase 

nozzle flow experiments. 

As seen in Figures 34 - 36, the scattered light intensity 

measurement is based upon the use of a calibrated film for the scattered 

light detection. This provides a very simple arrangement for 

exper imentally obtaining h igh spat ial (angular) resolution scattered 

light information, but it requires a complex data analysis procedure. A 

discussion of the film calibration and the data analysis procedure is 

presented in Appendix C. 

As shown in Figure 34, the light from a He-Ne laser {laser output 

power of 5 mW of horizontally polarized light at X = 632.6 nm) is 

shuttered and attenuated (using crossed polarizers to allow variable 

attenuation) appropriately for the film sensitivity and apertured to 

eliminate the scattered 1ight from the optical components before 

traversing the nozzle jet flow. Kodak* linagraph shellburst 2474 film 

was used because of its red light sensitivity and its 10.2 X 12.7 cm 

format. The light scattered from the droplets in the flow is collected 

with a lens combination and directed to the film plane located at the 

focal length. The collecting lens system for the nozzle jet flow 

measurements was designed after the arrangement used by Chin, 

et. at. [64]. However, modification was necessary to eliminate 

spherical aberration problems that are encountered for larger scattering 

T - Reference to a company or product name does not imply recommendation 
of the product by the University of California or the U. S. Department 
of Energy to the exclusion of others that may be suitable. 
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angles with finite measuring volumes. The aberration problems were 

essentially eliminated by using a combination of two 7 cm diameter, 

60 cm focal length plano-convex lenses in scries to form an effective 

30 cm focal lengtn systjm. This Jens system was located approximately 

10 cm from the nozzle jet flow and apertured to 5.1 cm in diameter to 

allow a near 14 degree collection half angle. A discussion of the lens 

system design considerations is presented in Appendix D. 

Each individual piece of film was calibrated to ensure high 

measurement accuracy because of possible variations in the emu 1sions and 

development processes. The film was calibrated using a partially 

transmitting mirror combination which forms a series of light beams of 

differing, but known relative energy (see Appendix C ) . The portion of 

the film exposed by these light beams is scanned using a 

microdensitometer to provide the necessary film density - energy density 

relationship for the film calibration. The exposure due to the 

collected scattered light is also scanned using the microdensitometer, 

and the resulting film density information is converted to energy 

density using the film calibration information in a adaptation of the 

numerical analysis procedure developed by Weaver, et. al. [B6]. The 

resulting energy density profile is a measure of the scattered light 

intensity variation and can be used directly in the droplet size 

distribution inversion procedure unless the absolute number of droplets 

traversed by the light beam need be known (see Appendix D ) . In this 

way, the inverted size distribution function will be identical to the 
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absolute size distribution function, except for the difference of a 

constant muIt iplier. 

The scattered light intensity measurements were corrected for 

extraneous scattered light (e. g., due to optical components, jet flow 

sprLy , optical winows, etc.) by subtracting the measured extraneous 

scattered light intensity profile from the measured nozzle jet flow 

scattered light profile. The extraneous scattered light was determined 

while operating the nozzle by measuring the scattered light from a laser 

beam that was passed above the nozzle jet flow. This correction was, in 

general, very small and was largest at small scattering angles. 

Verification of Optical Arrangement and Data Determination Procedure 

An experimental verification of the optical arrangement and the 

data determination procedure was accomplished by substituting a glass 

beads-in-water polydispersion in place of the nozzle flow of Figure 34. 

The glass bead polydispersion had a modal diameter near 15 /zm. The 

polypolydispersion was continually agitated using a magnetic stirring 

arrangement to maintain constant glass bead dispersion uniformity. 

The scattered light intensity profiles for this polydispersion were 

determined according to the previous description, except that the 

collecting lens to polydispersion distance was increased due to the 

small scattering angle required. Because of the large modal parlicle 

diameter and the broad particle size distribution, the size distribution 

function was determined using the large particle inversion method (see 
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equation (33) and Appendix B). The inverted particle size distributions 

obtained for light transmissions of 35% and 21% are compared to a 

pholomicrographic particle count (~ 700 particles counted) in Figure 37. 

The light transmission of the dispersion was maintained > 20% to ensure 

dominant single scattering effects. The two particle size distributions 

and the particle count histogram were normalized to equivalent areas 

under each curve for the comparison. The comparatively good agreement 

between the inverted particle size distribution functions and the 

particle count histogram of Figure 37 demonstrates the applicability of 

the experimental optical arrangement and the data determination 

procedure to particle size distribution measurements. 

EXPERIMENTAL NOZZLE JET FLOW DROPLET SIZE DISTRIBUTION MEASUREMENTS 

Results for Nozzle Numbers 2 - 4 

Light scattering measurements were made using nozzle numbers 2 - 4 

to determine the effect of the nozzle throat radius of curvature on the 

droplet size distribution in the high-velocity '.lozzle jet flow. In 

order to obtain the > 20% light transmission required for the light 

scattering measurements, the nozzles were operated at inlet pressures of 

0.7 KPa (100 psia) and 1.0 MPa (150 psia) at the near ideal expansion 

exhaust pressures of 13.8 kPa (2.0 psia) and 20.7 kPa (3.0 psia), 

respectively. The enthalpy of the two-phase mixture entering the 

nozzles was maintained near 1.16 MJ/kg (500 Btu/lbm) for experimental 

convenience and to be consistant with geotherraal wellhead conditions. 
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Light scattering data was taken at the nozzle jet oen'erline and at a 

position located 2,4 cm vertically from the jet centcrline to determine 

any droplet size distribution changes occurring between these spatial 

locations. The axial measurement location was approximately 1.0 cm from 

the nozzle exit for all light scattering measurements. 

Figure 38 presents the measured relative scattered light intensity 

profiles for each of the different nozzles (nozzle numbers 2 - 4 ) and 

for inlet and exhaust pressures near 0.7 MPa (100 psia) and 13.8 kPa 

(2.0 psia), respectively. Similarly, the measured scattered 1ight 

intensity profiles for inlet and exhaust pressures near 1.0 MPa 

(150 psfa) and 20.7 kPa (3.0 psia), respectively, are shown in 

Figure 39. For each different nozzle, the upper intensity profile 

corresponds to the nozzle jet centerline measurement position, and the 

lower intensity profile was determined at a position located 2.4 cm 

vertically from the nozzle jet centerline. Each of the intensity 

profiles has been multiplied by a different arbitrary constant for this 

presentation. Table 2 lists the nozzle operating conditions at which 

each of the scattered light intensity profiles were measured. The 

measured light transmission for each intensity profile is also given in 

Table 2. 

It can be seen from Figure 3B that the scattered light intensity 

profiles indicate that as the nozzle throat radius of curvature 

increases, the d/opjet^size in the nozzle, je.t flow al so .increases .. - Th-is -•• 

can be seen by comparing the slopes of the intensity profiles at small 
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Figure 39. -Measured relative scattered light intensity profiles for 
nozzle numbers 2 - 4 . The nozzle operating conditions (inlet pressures 
near 1.0 MPa (150 psia) and exhaust pressures near 20.7 kPa (3.0 psia)) 
corresponding to the different scattered light intensity profIles are 
Iisted in Table 2. 



Table 3. - Nozzle operating conditions corresponding to the 
scattered light intensity profiles of Figures 36 and 39. 

Inlet Inlet Exhaust Light 
Profile No. Pressure, Enthalpy, Pressure, Transmission 
(Nozzle No.) MPa (psia) MJ/kg (Btu/tbm) kPa (psia) (* = 632.8 nm) 

1 ( 2 ) 0 . 7 5 ( 1 0 9 ) 1 . 1 7 ( 5 0 1 ) 1 5 . 2 ( 2 . 2 ) 0 . 3 1 
2 ( 2 ) 0 . 7 0 ( 1 0 2 ) 1 . 1 6 ( 4 9 8 ) 1 5 . 2 ( 2 . 2 ) 0 . 2 9 
3 ( 3 ) 0 . 8 0 ( 1 1 6 ) 1 . 21 ( 5 1 8 ) 1 6 . 5 ( 2 . 4 ) 0 . 3 0 
4 ( 3 ) 0 . 7 4 ( 1 0 8 ) 1 . 1 7 ( 5 0 3 ) 1 3 . 1 ( 1 - 9 ) 0 . 3 5 
5 ( 4 ) 0 . 7 0 ( 1 0 2 ) 1 . 1 4 ( 4 8 9 ) 1 4 . 5 ( 2 . 1 ) 0 . 2 7 
6 ( 4 ) 0 . 7 7 ( 1 1 1 ) 1 . 1 5 ( 4 9 4 ) 1 4 . 5 ( 2 . 1 ) 0 . 3 2 
7 ( 2 ) 1 .04 ( 1 5 1 ) 1 . 1 7 ( 5 0 1 ) 1 7 . 9 ( 2 . 6 ) 0 . 1 9 
8 ( 3 ) 1 .03 ( 1 5 0 ) 1 . 1 9 ( 5 1 0 ) 2 2 . 8 ( 3 . 3 ) 0 . 2 0 
9 ( 3 ) 1 .05 ( 1 5 3 ) 1 .17 ( 5 0 4 ) 2 2 . 1 ( 3 . 2 ) 0 . 2 0 
10 ( 3 ) 1 .05 ( 1 5 2 ) 1 . 2 0 ( 5 1 6 ) 2 1 . 4 ( 3 . 1 ) 0 . 2 8 
11 ( 4 ) 1 .06 ( 1 5 6 ) 1 .16 ( 4 9 9 ) 2 0 . 0 ( 2 . 9 ) 0 . 2 0 
12 ( 4 ) 1 . 1 3 ( 1 6 4 ) 1 .17 ( 5 0 4 ) 1 0 . 3 ( 2 . 8 ) 0 . 2 2 

angles. However, the intensity profiles shown in Figure 39 do not show 

this same trend. This indicates that the droplet size changes due to 

nozzle throat contour modifications are very small and that the accuracy 

of the nozzle jet flow scattered light intensity measurements is such 

that these small diameter changes cannot be resolved. Further light 

scattering measurements have confirmed this trend for the range of 

nozzle conditions studied. 

The inversion of the nozzle jet flow droplet size distribution 

functions from the scattered light intensity profiles vfere accomplished 

in a manner similar to that described previously for the theoretical 

size distribution inversions. The scattered Iight intnesity profiles 

for several assumed monomodal size distribution functions were 
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calculated and compared with the experimental intensity profiles. From 

this comparison, the series of narrow band size distribution functions 

shown in Figure 40 were chosen. These functions were specified to cover 

a size parameter range from 0 to nearly 60 to include all the possible 

droplet diameters that were indicated by the measured intensi ty 

profiles. 

The measured and optimization reconstructed intensity profiles for 

the 0.7 MPa (100 psia) nozzle inlet pressure experiments are shown in 

Figure 41, and those for the 1.0 MPa (150 psia) nozzle inlet pressure 

are shown in Figure 42. Because of the near equivalency between the 

intensity profiles determined at the nozzle jet centerline and at the 

position 2.4 cm vertical from the nozzle jet centerline, only the jet 

centerline intensity profiles were reconstructed for the droplet si ze 

distribution inversion process. The optimization procedure was used to 

match the measured intensity profiles at 0.5 degree intervals for these 

reconstructions. The agreement between the measured and reconstructed 

intensity profiles indicates good inversion accuracy for the droplet 

size distributions. 

Figures 43 and 44 present the droplet size distributions and mass 

fractions (see equation (46)) measured at the nozzle jet centerline for 

the 0.7 MPa (100 psia) and 1.0 MPa (150 psia) inlet pressures, 

respectively. The pertinent average droplet size parameters for these 

droplet size distributions are listed in.Table 3. .The waviness.of the 

mass fraction curves is caused by a combination of the multimodal nature 
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Figure 41. — Comparison of the measured and reconstructed relative 
scattered light intensity profiles for the two-phase nozzle jet flow 
experiments. The intensity profiles presented were determined at the 
nozzle jet centerline for a nozzle inlet pressure near 0.7 MPa 
(100 psia). The nozzle operating conditions are listed in Table 3. 

-102-



10 

1 10° 

10 

I I I 1 I ' I 

Measured intensity profile 

1-1 -

Reconstructed intensity profile -

(7) Nozzle No. 2 at 
jet centerline 

Index of refraction = 1.33 

j I i I i _ J u 
4 6 8 10 

Scattering angle, 0 (degrees) 

12 14 

Figure 42. - Comparison of the measured and reconstructed relative 
scattered light intensity profiles for the two-phase nozzle jet flow 
experiments. The intensity profiles presented were determined at the 
nozzle jet centerline for a nozzle inlet pressure near 1.0 MPa 
(150 psia). The nozzle operating conditions are listed in Table Z. 



Droplet size parameter, a 

Figure 43. -Measured droplet size distributions and their respective 
mass fractions resulting from the scattered light intensity profile 
reconstructions of Figure 41. 
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Figure 44. - Measured droplet size distributions and their respective 
mass fractions resulting from the scattered light intensity profile 
reconstructions of Figure 42. 
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of the droplet size distributions, the broadness of the droplet size 

distributions and the degree of approximation afforded by the series of 

narrow bund size distribution functions. Further refinements in the 

series of narrow band size distribution functions could eliminate the 

waviness in the droplet mass fraction profiles, but the droplet size 

distribution, the average droplet diameters and the average mass 

fraction profiles would change very little. 

Table 3. — Average droplet size parameters for the measured 
nozzle jet flow droplet size distributions shown in Figures 43 and 44. 

Modal Mean Sauter Mass 
Curve No. Size Size Mean Size Mean Size 
(Nozzle No.) Parameter,5 Parameter,oI0 Parameter,a32 Parameter,a, 

I (2) 2.4 2.9 7.1 10.3 
3 (3) 2.4 3.9 8.1 12.1 
5 (4) 2.4 3.2 10.2 14.7 
7 (2) 2.4 3.3 8.7 11.9 
9 (3) 2.4 2.9 7.4 11.3 
II (4) 2.4 2.9 7.8 11.4 

Average = 2.4 3.0 8.2 12.0 

As indicated by the scattered light intensity profiles and 

presented in Table 3, there is little difference between the droplet 

sizes obtained for the different nozzle jet flow measurements. Thus, it 

can be concluded that changes in droplet size due to nozzle throat 

radius of curvature changes are small, and that the accuracy of the 

experimental measurements was not sufficient to detect th'se small 

changes. The largest errors involved were those associated with the 
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nozzle exhaust chamber window and jet spray extraneous scattering. An 

estimate of the total error involved in these measurements indicated 

that an accuracy of belter than ±20% (±0.4 /zn> for a 2.0 tun diameter 

drople t) could be expec ted for this smal1 drop let di ameter regime. 

Since the predicted droplet size change with changes in nozzle throat 

geometry was on the order of 15% (see Figure 8), the experimental error 

band was too great to determine this small droplet diameter difference. 

Interestingly, the droplet size distributions have modal diameters 

near 0.5 pm, but the Sauter mean diameters are near 1.7 ûn and the 

mass-median droplet diameters are near 2.4 ftm. This indicates that the 

nozzle jet flow is dominated by a large number of very small droplets, 

but they constitute only a small fraction of the total droplet mass. In 

view of this information, it can be concluded that there are several 

possible droplet size distributions occurring in the nozzle jet flow. 

The small droplets (< 2.4 fim) can be associated with the core flow 

region of the nozzle jet, while the larger droplets may be generated by 

the boundary layer - liquid film shearing action occurring along the 

nozzle walls and particularly near the nozzle throat (see references 

[71] and [85] for similar cone 1usions concerning two-phase nozzle 

S3ows). 

Measurements of the droplet size distribution in nozzles with small 

jet widths as used for this work arn likely to produce information that 

is biased towards large droplet sizes because the nozzle wall boundary 

effects are much moi o significant than would be found in large 
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cross-section impulse turbine nozzles. Thus, the measurements presented 

herein are conservative, in that a greater fraction of the liquid mass 

would be expected to be present as small droplets for the impulse 

turbine blade flow using similar but larger cross-section nozzles. 

Results for Nozzle Number 5 

The droplet size distribution measurements using nozzle numbers 

2 - 4 could not address the effect of the nozzle inlet pressure or 

throat height upon the droplet size distribution because of their 

limited expansion ratios and constant throat heights* respectively 

(Ae/A* = 15 for nozzle numbers 2 - 4 ) . Higher inlet pressures could not 

be addressed because at an inlet pressure of 2.1 MPa (300 psia) and an 

inlet enthalpy of 1,16 MJ/kg (500 Btu/lbm) the ideal exhaust pressure 

would be near 41.4 kPa (6 psia); much too high to satisfy the light 

transmission requirements (see Figure 4). 

To overcome this limitationi variable nozzle number 5 (A /A* — 29) 

was assembled for testing. From an extension of the measured static 

pressure profiles obtained using nozzle numbers 2 - 4 , it was estimated 

that at an inlet pressure of 2.1 MPa (300 psia) and an inlet enthalpy of 

1.16 MJ/kg (500 Btu/lbm) the ideal exhaust pressure would be near 

22.1 kPa (3.2 psia). This exhaust pressure would be sufficiently low so 

that the light transmission requirements could be satisfied and droplet 

size distribution measurements could be obtained. 
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During an initial flow test of nozzle number 5, it was determined 

that the nozzle inlet enthalpy and pressure would be di f f icul t to 

control. This was mainly because at the very low mass flow rate 

involved (A* = 0.103 cm 2 (0.016 in 2)). the heat transfer from the 

two-phase test facility piping was significant. Also, at the exhaust 

pressures expected for ideal nozzle expansions, there was a great amount 

of exhaust chamber window wetting due to nozzle jet spray. The window 

wetting was apparently caused by underexpanded nozzle operation, which 

would severely limit the light scattering measurements. 

Following this preliminary test, an analysis of the nozzle static 

pressure profile indicated that the pressure at any given area ratio 

location in the nozzle was higher than *hose for corresponding area 

ratios in nozzle numbers 2 - 4 . Figure 45 presents the static pressure 

profiles for nozzle numbers 3 and 5 for a constant inlet enthalpy. The 

two pressure profiles should be identical*, and the shift in the 

pressure profile for nozzle number 5 can only be explained by either 

flow separation near the nozzle throat or a change in the nozzle area 

ratio (increase in the throat area). Because of the small throat size, 

a small change in the throat height would result with a large change in 

the area ratio. However, this possibility was eliminated by a 

measurement of the throat area at the time of the nozzle disassembly. 

* - A plot of log P/P 0 versus log A/A* for a nozzle operating with a 
two-phase , steam-water mixture at the inlet will produce a single line, 
irrespective of the nozzle inlet pressure or quality as long as the 
inlet enthalpy is maintained constant. This was shown by Alger [40] and 
has been confirmed in numerous other two-phase nozzle tests at LL.L. 
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Figure 45. - Static pressure profiles for variable nozzle numbers 3 and 
5. The shift in the pressure profile for nozzle number 5 towards higher 
static pressures indicates that flow separation occurred near the 
throat. 
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Thus, it was concluded that flow separation was the cause of the 

pressure profile shift shown in Figure 45. 

During the initial testing of nozzle number 5, light transmission 

tests indicated that a light scattering measurement could be obtained 

for a maximum nozzle inlet pressure of 1.4 MPa (200 psia) exhausting to 

a pressure of 19.3 kPa (2.8 psia). In this case, the nozzle was 

operated underexpanded to allow a 1ight transmi ss ion near 20%. 

Scattered light intensity profiles for a jet centerline measurement 

location and two different nozzle inlet and exhaust pressures is shown 

in Figure 46. Also shown in this figure is a light scattering 

measurement obtained for nozzle number 3 (intensity profile 3 of Figure 

38). The nozzle operating conditions at which these data were taken are 

presented along with the corresponding Mght transmission measurements 

in Table 4. 

A comparison of the scattered light intensity profiles of Figure 46 

indicates that all of the inverted size distribution functions will be 

essentially identical. Thus, it can be concluded that changes in 

droplet size due to nozzle inlet pressure or throat height changes are 

smal1 for the variations tested. The determination of these smal I 

changes in the size distribution function is 1imited only by the 

accuracy of the scattered light intensity measurement system and not by 

the narrow band size distribution inversion method. Thus, an increase 

in exper imental accuracy could allow smalI changes in the size 

distribution function to be resolved. Further effort to eliminate the 
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Figure 46. - Measured scattered light intrvsity profiles for nozzie 
number 5 operating at inlet pressures near 1.4 MPa (300 psia) and 
0.7 MPa (100 psia). A scattered light intensity profile for nozzle 
number 3, operating at an inlet pressure of 0.7 MPa (100 psia), is also 
shovm for comparison (profile number 3 of Figure 38). The nozzle 
operating conditions are listed in Table 4. 
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Table 4. - Nozzle operating conditions corresponding to the 
scattered light intensity profiles of Figure 46. 

Inlet Inlet Exhaust Light 
Profile No. Pressure, Enthalpy, Pressure, Transmission 
(Nozzle No.) MPa (psia) MJ/kg (Btu/lbm) kPa (psia) (X = 632.8 nm) 

1 (5) 1.41 (204) 1.15 (494) 19.3 (2.8) 0.18 
2 (5) 0.72 (105) 1.12 (481) 12.4 (1.8) 0.32 
3 (3) 0.80 (116) 1.21 (518) 16.6 (2.4) 0.30 

flow separation to allow lower exhaust pressures (higher inlet 

pressures) was deemed unwarranted. 

COMPARISON OF MEASURED WITH PREDICTED DROPLET SIZES 

The predicted nozzle exit droplet diameter variation as a function 

of the throat radius of curvature for an inlet pressure of 0.7 MPa 

(100 psia) and an inlet enthalpy of 1.16 M J A g (500 Btu/lbm), as shown 

in Figure 8, can be compared directly with the measured average droplet 

sizes listed in Table 3 since the nozzle operating conditions are 

similar (see Table 3 ) . It can .be seen that the predicted droplet 

diameters using either the thermal equilibrium dynamic breakup 

(We — 6.0) or the thermal nonequiIibrium boiling breakup (average 

droplet temperature) model are approximately a factor of 3 greater 

(predicted diameters near 7.5 fim) than the measured nominal mass-mean 

droplet diameter. These prediction methods might be expected to yield a 

maximum stable droplet diameter that could exist in a one-dimensional, 

two-phase nozzle flow, but do not account for the occurrence of many 
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smaller sized droplets which could form when a single large drop breaks 

up (see references [50], [51] and [87] - [89]). Since Figures 43 and 44 

indicate that about a 7% mass fraction of droplets as large as 10 ftm in 

diameter existed within the nozzle jet flow, it appears that the breakup 

mode Is employed predict approximately the maximum stable drople t 

diameter. 

However, to improve predictions of the entire nozzle flowfield, the 

calculated droplet diameter must agree more closely with the 

experimental data. An improvement of the theoretical models could be 

accomplished by one or a combination of several methods. One could be 

the inclusion of a delayed droplet breakup criterion. This would be 

consistant with the natural oscillation time of a spherical droplet 

[15], i. e., droplet breakup would not be allowed until a period of time 

equal to the droplet natural oscillation time had passed. This would 

cause the droplet to be in a region of greater kinetic and thermal 

nonequiLibrium when breakup was allowed, which should yield smaller 

droplets. A second possibility for increasing the droplet breakup, 

which pertains only to the thermal nonequiIibrium model, would be to 

account for a finite mass transfer rate between the phases [90], This 

would cause" a greater temperature difference to exist between the 

phases, which would yield greater boiling droplet breakup. However, the 

most obvious and the simplest means of increasing droplet breakup is to 

decrease the value of the critical Weber number to yield agreement with 

experimental results (as indicated in Figure 6, a critical Weber number 

< 1.0 would be required). An empirical constant could similarly be 
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included in the boiling breakup model to increase the predicted droplet 

breakup. This method, though not as physically meaningful as the other 

possibilities, would yield immediate results with minimum effort. 

It is concluded from this comparison of measured with predicted 

droplet sizes that it is not possible to specify whether kinetic or 

thermal nonequi1ibrium forces dominate droplet' breakup within the nozzle 

flow. In fact, it could be that an additional breakup mechanism which 

yields many small droplets from a single large drop may be present. 

Also, since surface tension plays an important role in droplet breakup 

(see equations (11) and (13)), it will be necessary to determine whether 

surface tension is affected by rapid surface mass transfer. It could be 

that the concept of equilibrium surface tension is not applicable in 

such a situation*. 

- The uurface tension of the water used in these experiments was 
measured under equilibrium conditions at room temperature and found to 
be essentially equal to that quoted in the literature. 
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DROPLET PHASE 

SPATIAL DISTRIBUTION DETERMINATION 

Two d i f ferent exper imental opt teal arrangements were used to 

determine the spatial distribution characteristics of the droplet phase 

within the low-quality, two-phase nozzle flow. The two measurement 

systems were based upon the physical principle of light extinction due 

to the scattering of light incident upon the particles of a 

poiydispersion. The first method employed a photosensor for a point by 

po int measurement of the 1ight transmission through the nozzle jet 

flows. This method could only be applied in the nozzle jet flow region 

because of the wall liquid film problems encountered with the 

transparent walled nozzles. The second optical system utilized was a 

shadowgraph arrangement which provided a continuous record of the light 

transmitted throughout the complete nozzle flow. Because only flow 

visualization was of interest for the shadowgraph measurements, the 

transparent walled nozzles were utilized without concern for either the 

transparent wall - liquid film or the amount of light extinction. 

POLYDISPERSE LIGHT TRANSMISSION ANALYSIS 

A theoretical analysts of the light transmitted through a 

poiydispersion is more complicated than the analysis presented 

previously for a monodispersion (e. g., see equations (1) - (5)). The 

incluson of the scattering effects of each particle in the 
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polydi spers ion resuIts wi th the Iight transmission equal ion as [85], 

[91] 

Ko> ( [3(1 -»)Q.,t1 ) 
— = « f [ 2D3S J ' j <50) 

where the average scattering efficiency factor, Q e x l . is defined as 

Poo 

Q«xta2r(a)d» 
Jo 

Q e x t = (51) 
foo 
I a3f(a)da 

*0 

and the Sauter mean diameter, D 3 2, is defined according to equation (48) 

(a33 = ^gg/x). A s stated for the light scattering droplet size 

distribution measurements, single scattering effects must dominate if 

accurate light scattering (or transmission) measurements are to be 

obtained. 

A comparison between the polydisperse average scattering efficiency 

factor, Q e x l . given by equation (51) and the monodisperse scattering 

efficiency factor, Qevt' a s a function of the Sauter mean particle size 

parameter, a 3 2, is shown in Figure 47 («32 — a f° r a monodisperston). 

The polydisperse calculations were made using different narrow 

exponential size distribution functions (see equation (44)). This 

figure shows that when droplets are either small or large when compared 

to the incident light wavelength, the average scattering efficiency 

factor can be approximated without a knowledge of the size distribution 

function. For the case of small particles (a 3 2 < 4), Q e x t and Q e x l are 
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Figure 47. - Comparison of the~mean polydisperse scattering efficiency 
factor, Q e x t i with the monodisperse scattering efficiency factor, Q e x t -
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essentially equal. When the particles are large (a > 10), Q e x t can be 

approximated by a 1inear or constant function for reasonable size 

parame ter ranges. However, when the polydi spersion is corapri sed of 

particles with sizes between these extremes, no simple means for 

determining (or approximating) Q e x l exists without a knowledge of the 

par tide size distribution function. 

The application of equation (50) to light transmission measurements 

in a constant thickness polydispersion results with the vapor volume 

fraction, <p, the average scattering efficiency factor, Q e x t . and the 

Sauter mean particle diameter, D32. as unknowns. Light transmission 

measurements at two different light wavelengths can determine both the 

vapor volume fraction, y>, and the mean specific particle cross-section, 

Q e x t/D 3 3. If either of these parameters had been known from other 

means, a transmission measurement at a single wavelength would only have 

been necessary to determine the other. In the specific case of very 

small particles (ct32 * 4)< Q e xt a n d ^ext a r e e s s e ntia*ly equal and are 

only a function of the Sauter mean diameter and the incident light 

wavelength. Thus, for very small or monodisperse size distributions, 

transmission measurements at two different light wavelengths can yielr* 

the vapor volume fraction and the Sauter mean diameter directly-

Transmission measurements at several ( > 2) different wavelengths are 

required to determine these parameters when the particle size 

distribution is multimodal [93]. Further information concerning droplet 

size and concentration measurements using light extinction methods is 

given by references [93] - [97]. 
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EXPERIMENTAL DROPLET PHASE SPATIAL DISTRIBUTION MEASUREMENT APPARATUS 

Light Transmission Experimental Arrangement 

The exper imental apparatus used for the 1ight transmiss ion 

measurements incorporated a receiving optics system similar to that used 

by Gumprecht and Sliepcevich [98]. A schematic diagram of the 

experimental arrangement used for this study is shown in Figure 48. The 

sending and receiving optics arrangement for this system was similar to 

that used for the light scattering droplet size distribution 

measurements shown in Figure 34 (there was no need for the film 

calibration optics used for the light scattering measurements). The 

light beam from a laser was properly attenuated and apertured by the 

sending optics and directed to the nozzle jet flow. The light 

transmitted through the nozzle jet flow was collected by the same lens 

combination that was used for the light scattering measurements (30 cm 

effective focal length) and focused to an aperture plate - photosensor 

combination for detection. The aperture was maintained < 0.5 cm in 

diameter to allow simple optical alignment while providing an effective 

collection half angle of less than 0.5 degrees. 

Shadowgraph Experimental Arrangement 

The experimental arrangement used for the light extinction - flow 

visualization measurements was essentially the same as that used for 

typical back-lighted shadowgraph systems [99]. The use of a shadowgraph 
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for single phase fluid flows provides a measurement of the density 

gradient. However, for the low-quali ty, di spersed drop let—in-vapor 

flows of interest, the use of this optical arrangement provides a 

continuous measurement of the light transmission characteristics of the 

f low. 

The shadowgraph arrangement used for this work is shown 

schemat ically in Figure 49. The I ight from a pulsed ruby 1aser 

(X = 694.3 nm) is expanded and directed to a ground glass scattering 

plate such that the light leaving the scattering plate is incident upon 

the two-phase flow in a transparent sidewalled nozzle. The ruby laser 

energy output was approximately 2 J with a pulse width (controlled by a 

bleachable dye cell) of 20 - 30 ns. A photograph of the ruby laser is 

shown in Figure 50. The light transmitted through the nozzle flow was 

collected and recorded on film using a camera. As with the light 

scattering droplet size distribution measurements, Kodak linagraph 

shellburst 2474 film was used because of its red light sensitivity and 

its 10.2 X 12.7 cm format. 

Because of the transparent nozzle wall - liquid film light beam 

disturbance throughout the nozzle flow and because of the high light 

attenuation at locations other than the low pressure nozzle exit, this 

measurement method was used tn provide near stop action photographs for 

flow visualization purposes only. However, this method could be 

developed (using a calibrated film and the proper sending and receiving 

optics arrangements) to provide a continuous record of the light 
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Figure 49. - Schematic of the pulsed ruby laser shadowgraph flc 
visualization system. 
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Figure 50. - Photograph of the pulsed ruby laser used for the 
shadowgraph flow visualization measurements. 
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transmission through the low-pressure nozzle jet flow region. The use 

of two or more different wave lengths in thi s manner could yield a 

continuous record of the vapor volume fraction and the mean specific 

drop let cross-sect i on within a two-phase nozzle jet flow. 

EXPERIMENTAL DROPLET PHASE SPATIAL DISTRIBUTION MEASUREMENTS 

Light Transmission Measurements 

Light transmission measurements were obtained in the jet flow 

region using nozzle numbers 2 - 4 to determine any possible differences 

due to the nozzle throat geometry. Nozzle number 5 was not utilized for 

light transmission measurements both because there was no measureable 

droplet size change between the droplets In the jet flow of this nozzle 

and the droplets in the jet flows of nozzle numbers 2 - 4 and because of 

the flow separation and associated window wetting problems that occurred 

with the operation of this nozzle. 

The light transmission measurements were not intended to measure 

the droplet size directly, but they were to be utilized as a measure of 

the spatial distribution of the droplet phase within the nozzle iet 

flow. For this reason, multiple wavelength light transmission 

measurements were not obtained'. Measurements of the light transmission 

" - Light transmission measurements were obtained at the nozzle jet flow 
center!ine using the light wavelengths of the He-Ne (X = 632.B nm) and 
the argon (>. = 514.5 nm) lasers, but they were not intended for multiple 
wavelength comparisons because of the small wavelength difference. 
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spatial variation within the nozzle jet flows were obtained using an 

argon laser oscillating at a wavelength of 514.5 nm. 

Figure 51 presents the measured light transmission variation in the 

nozz1e jet flow as a funci ion of the vert ical d i stance from the flow 

centerline. These measurements were determined in the two-phase nozzle 

jet flows at a near constant inlet enthalpy of 1.16 MJ/kg (500 Btu/lbm) 

and nozzle inlet pressures near 0.7 MPa(100 psia), 1.0 MPa (150 psia) 

and 1.4 MPa (200 psia). The nozzle exhaust pressures were near 13.8 kPa 

(2.0 psia), 20.7 kPa (3.0 psia) and 27.6 kPa (4.0 psia), respectively. 

The nozzle operating conditions for these data are presented in Table 5. 

As with the light scattering droplet size distribution measurements, the 

experimental information does not show any differences that can be 

attributed to nozzle throat geometry variation. This is probably due to 

both the insensitivity of the droplet diameter changes with throat 

geometry variations and the inaccuracies associated with these 

experimental measurements. An estimate of the errors invoIved in these 

measurements indicated that an accuracy of better than ±10% jould be 

expected. 

Figure 51 also indicates that there are no measureable light 

transmission profile changes with changes in the nozzle inlet pressure. 

This is true for the 0.7 MPa (100 psia) to 1.4 MPa (200 psia) inlet 

pressure range investigated. This is consistant with the droplet size 

distribution measurement results previously discussed, and it indicates 

that very accurate measurements would be necessary to determine the 
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Figure 51. - Measurements of the light transmission as a function of the 
vertical distance from the nozzle jet flow centerline. The measurements 
were obtained for nozzle numbers 2 - 4 operating at inlet pressures near 
0.7 MPa (100 psia), 1.0 MPa (150 psia) and 1.4 MPa (200 psia). The 
nozzle operating conditions are listed in Table 5. 
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Table 5. - Nozzle operating conditions corresponding to the 
light transmission measurements shown in Figure 51. 

Inlet Inlet Exhaust 
Symbo1 No. Pressure, Enthalpy, Pressure, 
(Nozzle No.) MPa (psia) MJ/kg (Btu/lbm) kPa (psia) 

1 (2) 0.6B (99) 1.15 (494) 17.2 (2.5) 
2 (3) 0.66. (96) 1.15 (492) 13.8 (2.0) 
3 (4) 0.71 (103) 1.13 (485) 13.8 (2.0) 
4 (3) 1.08 (156) 1.17 (503) 19.3 (2.8) 
5 (4) 0.97 (141) 1.14 (491) 20.7 (3.0) 
6 (3) 1.36 (197) 1.18 (506) 29.6 (4.3) 
7 (4) 1.31 (190) 1.16 (497) 26.9 (3.9) 

small changes that occur because of nozzle throat geometry and/or inlet 

pressure changes. It should be noted that strong multiple scattering 

effects were encountered for the light transmission data corresponding 

to the 1.4 MPa (200 psia) inlet pressure, invalidating the information 

for other than qualitative comparison purposes. 

The information presented in Figure 51 can be further utilized to 

provide a better understanding of the spatial variation of the droplet 

phase within the two-phase, liquid-dominated nozzle jet flows. 

Equation (50) shows that the light transmission for a constant thickness 

polydispersion is a function of the variables: (1 - v ) Q e x t / D 3 2 ' Thus, 

assuming that the mean specific droplet cross-section, 9 e x i / 0 3 i . is a 

constant at any location In the nozzle jet M o w (the variation of this 

parameter is not expected to be great because of the spatial unitormity 

in the droplet size distribution and droplet velocity measurements), the 
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light transmission results simply become a measure of the droplet volume 

fraction, ( 1 - ^ ) . Th i s quanti ty can be normali zed us ing the 

one-dimensional, homogeneous droplet volume fraction to yield the result 

shown in F ig»re 52. The 1ine corresponding to the one-dimensional, 

homogeneous droplet volume fraction variation is shown for reference. 

The area under the experimental curve has been normalized to equal the 

area under the one-dimensional curve for the comparison. 

The experimental curve of Figure 52 is a result of the light 

transmission data corresponding to the nozzle inlet pressures of 0.7 MPa 

(100 psia) and 1.0 MPa (150 psia). Only one curve is shown because of 

the near identical relative light transmission profiles for the two 

inlet pressures. This figure indicates that the droplet phase is quite 

uniformly distributed over the nozzle jet profile, and the actual 

droplet vrlume fraction is approximately a factor of 1.1 greater than 

the one-dimensional droplet volume fraction at the nozzle jet 

centerline. This droplet volume fraction profile is much more spatially 

uniform than those that were obtained for two-component, gas-particle 

flows [7], However, comparison of this profile with droplet volume 

fraction profile obtained for a high quality nozzle flow [I00J shows 

good agreement. 

The light transmission measurements can also be utilized to 

corroborate the light scattering droplet size distribution measurements. 

This requires a calculation of the exponent of equation (00). In order 

to accomplish this calculation, a nozzle inlet enthalpy of 1.15 )u/kg 
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(492 Biu/lbm), a nozzle inlet pressure of 0.7 MPa (96 psia) and a nozzle 

exit pressure of 13.8 kPa (2.0 psia) was chosen for the nozzle operating 

conditions to correspond with the data set number 2 of Figure 51. This 

yields a one-dimens i onal, homogeneous droplet volume fract ion of 

2.2 X 10"4 at the nozzle jet flow center 1ine- (after multiplication by 

the factor of 1.1 indicated by the results shown in Figure 52). Now, 

calculating the mean scattering efficiency factor according to the 

measured droplet size distribution for nozzle number 3 (see Figure 43) 

yields Q e x t - 2.3 for a 3 3 = 10.0 (X = 514.5 nm). A calculation of the 

light transmission using these variables yields {l = 0.325 cm) 

I(0)/Io = 0.22. This value is much lower than the light transmission 

measurements obtained. Thus, assuming a larger Sauter mean diameter of 

2.0 fim and linearly extending Q e x t according to the percentage changes 

indicated by Figure 47 results with Q e x t = 2.2 and 1(0)/IQ = 0.31. This 

value is very nearly the same as the value obtained for the transmission 

measurement used for the comparison. Thus, the light transmission 

measurement indicates that a Sauter mean diameter near 2.0 /*m existed in 

the nozzle jet flow, which agrees very well with the Sauter mean 

diameters obtained from integrations of the droplet size distribution 

functions measured at the nozzle jet centerline (see Table 3). Similar 

results can be obtained by considering the 1.0 MPa (150 psia) light 

transmission measurements. 

Also, it should be noted that the change in the measured light 

transmission values between the 0.7 MPa (100 psia) and 1.0 MPa 

(150 psia) nozzle inlet pressure- data of Figure 51 corresponds directly 
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with changes in the droplet volume fraction at the respective 13.8 kPa 

(2.0 psia) and 30.7 kPa (3.0 psia) exhaust pressures. This confirms 

that there is little droplet diameter change with an inlet pressure 

change for the range of operating conditions presented. A similar 

comparison cannot be accurately applied to the 1.4 MPa (200 psia) nozzle 

inlet pressure data because of the multiple scattering effects involved. 

Shadowgraph Flow Visualization Measurements 

Shadowgraph flow visualization photographs were obtained for 

various two-phase nozzle flow conditions using the transparent walled 

nozzle numbers 1 and 6. In particular, the nozzle inlet and throat 

region flow patterns, the droplet flow channeling throughout the nozzle 

flows and the two-phase boundary layer separation and shock wave flow 

phenomena were photographed using the pulsed ruby laser shadowgraph 

arrangement. The nozzle operating conditions for each of the following 

shadowgraph photographs are presented in Table 6. 

A shadowgraph photograph of the two-phase flow in nozzle number 6, 

operating at an inlet pressure near 0.7 MPa (100 psia), is shown in 

Figure 53. The entire nozzle length was not photographed so that better 

resolution in the nozzle inlet and throat flow regions could be 

obtained. Thi s photograph' shows the flow in these regions very 

* - The apparent flow nonuniformities adjacent to the contoured nozzle 
walls are not caused by flow phenomena. Rather, they are the 
unfortunate result of too liberal of an application of a silicone sealer 
compound used to cushion and seal the glass sidewall - metal contoured 
wall joint area. 
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Table 6. - Nozzle operating conditions corresponding to the 
shadowgraphs photographs shown in Figures 53 — 56. 

Inlet Inlet Exhaust 
Figure No. Pressure, Enthalpy, Pressure, 
(Nozzle No.) MPa (psia) MJ/kg (Btu/lbm) kPa (psia) 

53 (6) 0.72 (105) 1.17 (501) 24.8 (3.6) 
54 (6) 0.24 (35) 1.15 (494) 77.9 (11.3) 
55 (1) 0.71 (103) 1.20 (514) 73.1 (10.6) 
56 (6) 0.72 (105) 1.17 (505) 35.9 (5.2) 

clearly. The regions of high droplet concentration appear as darker 

areas because of the increased light extinction due to the increased 

light scattering in these areas. It can be seen that several different 

droplet channeling regions are formed in the nozzle converging section. 

The upper and lower droplet channeling regions appear to be caused by 

the turning of the flow in the converging section of the nozzle, i. e. 

the vapor phase turns from the parallel inlet flow to follow the 

converging nozzle walls, but the droplet phase cannot react as rapidly 

and crosses the vapor phase streamlines to form regions of high droplet 

concentration due to the combined effects of vapor phase turning and 

collisions with the nozzle walls and other droplets. The central 

droplet channel appears less dense than the others and probably consists 

of those droplets least subjected to the turning effects of the nozzle 

walis. 



Flow direction m-

Figure 53. - Shadowgraph photograph of the two-phase flow in nozzle 
number 6 operating at an inlet pressure near 0.7 MPa (100 psia). The 
nozzle operating conditions are listed in Table 6. 
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The two-phase fluid leaving the throat appears to be fairly 

uniformly mixed, except for one high droplet concentration region that 

exists throughout the complete supersonic nozzle flow. It is 

interesting that this droplet channeling does not follow the nozzle 

axis, but is displaced a considerable distance from the axis throughout 

the diverging section of the nozzle. This channeling region is most 

likely formed of relatively large droplets because of its origin in a 

nonuniform droplet concentration region of the nozzle throat and its 

inability to disperse. From the information contained in this 

photograph, it appears that flow channeling in the diverging section of 

the nozzle could be eliminated and subsequently, the droplet breakup 

could be enhanced by a phase separation prior to the nozzle inlet with ;. 

properly implemented phase remix in the nozzle converging section near 

the nozzle throat. 

Figure 54 presents a shadowgraph photograph of a shock wave 

occurring just downstream of the nozzle throat region in nozzle number 

6. The location of the normal shock this close to the nozzle throat 

required a very low pressure inlet condition (241.3 kPa (35 psia)). At 

this low inlet pressure the droplet phase flow patterns were greatly 

changed over those shown in Figure 53, i. e., droplet channeling in the 

converg ing section is mainly restricted to the central region, and the 

flow downstream of the nozzle throat appears very uniform in the droplet 

spatial distribution. It can be seen that the normal shock profile is 

severly distorted over that which would be obtained for a pure gas flow. 

This distortion is presumably due to the spatial kinetic and thermal 
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Flow direction • 

Figure 54. - Shadowgraph photograph of a normal shock wave occurring 
downstream of the nozzle throat region in nozzle number 6 operating at 
an inlet pressure near 241.3 kPa (35 psia). The nozzle operating 
conditions are listed in Table 6, 
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nonequi1ibrium occurring because of the spatial variation in the droplet 

phase concentrat ion. 

Dur ing the exper imental t ime that was taken to locate thi s shock 

wave, several interesting nozzle flow phenomena were observed. It was 

noted that for any reduction in the nozzle inlet pressure (< 34.5 kPa 

(5 psia) change), the shock wave would immediately move upstream through 

the throat region and cause the nozzle to operate completely subsonic. 

Conversely, for any increase in the nozzle inlet pressure (< 34.5 kPa 

(5 psia) change), the shock would begin to move downstream, the boundary 

layer flow would separate and the normal shock would become an oblique 

shock - normal shock combination. 

Figures 55 and 56 present shadowgraph photographs of the boundary 

layer separation and shock wave phenomena that occurred for high 

velocity shock conditions. Figure 55 was obtained by operating nozzle 

number 1 at an inlet pressure near 0.7 MPa (100 psia) and at an exhaust 

pressure of 73.1 kPa (10.6 psia). In this photograph, the boundary 

layer separation and oblique shock patterns can be seen at both the 

upper and lower nozzle walls. In the central flow region there exists a 

curved normal shock wave. The peak of the curvature is located at the 

point of maximum droplet concentration, indicating that the droplet 

concentration has a strong effect upon the shock structure. Also, it 

should be noted that the droplet channeling appears to be more 

pronounced for thi s nozzle than i t was for nozzle number 6 (nozzle 

number 1 has a larger throat radius of curvature). A pressure profile 
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Flow direction » 

Figure 55. - Shadowgraph photograph of the boundary layer separation and 
shook slruoture that existed near the exit in nozzle number 1 operating 
at an inlet pressure near 0.7 MPa (100 psia). The nozzle operating 
conditions are listed in Table 6. 

-13B-



Flow direction 

Figure 56. - Shadowgraph photograph of the boundary layer separation and 
shock structure that existed near the exit (at right side of photograph) 
in nozzle number 6 operating at an inlet pressure near 0,7 MPa 
(100 psia). The nozzle operating conditions are listed in Table 6. 
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typical of a nozzle operating under similar conditions was presented in 

reference [43]. This photograph verifies the occurrence of the boundary 

layer separation and oblique shock phenomena proposed in reference [43]. 

Figure 56 was obtained by operating nozzle number 6 at an inlet 

pressure near 0.7 MPa (100 psta) and at an exhaust pressure of 35.9 kPa 

(5.3 psia). As in Figure 55, the boundary layer separation and oblique 

shocks can clearly be seen at the nozzle walls. However, in this case 

the normal shock structure is even more complex. This is evidently due 

to the two droplet channeling streams that can be observed entering the 

shock at the peaks of the shock curvature. A comparison of the droplet 

channeling shown in "'flures 55 and 56 indicates that the droplet 

channeling in the diverging section of the nozzle is reduced by a 

reduction in the throat radius of curvature. Also, because of the small 

flow regions occupied by the channeled droplets and their possible 

spatial variation with both nozzle geometry and inlet condition changes, 

any measurement of the droplet sizes in these regions would require many 

measurements and high spatial resolution. 
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LASER-DOPPLER VELOCIMETER 

DROPLET VELOCITY DETERMINATION 

DOPPLER FREQUENCY SHIFT OF LIGHT SCATTERED FROM A MOVING DROPLET 

Measurement of the velocity of a moving droplet using a 

laser-Dopplei veloc imeter depends upon two basic phys ical pr inc iples. 

The first principle is that the droplet will scatter a fraction of any 

incident light; a topic that was discussed in previous sections of this 

report. The second basic principle is that the light scattered from the 

moving droplet can be different in frequency from the incident light 

frequency. This frequency difference is proportional to the droplet 

ve loc i ty relat ive to the 1ight source veloc i ty and i s commonly called 

the Doppler frequency shift. 

The well known Doppier effect in accoustics can be simply explained 

for a stationary sound source and amoving (constant velocity) observer. 

As the observer moves towards the sound source, sound waves are 

encountered more frequently than if the observer were to remain 

stationary, i.e., the observer would hear a higher frequency than that 

of the sound source. Conversely, if the observer moves away from the 

sound source, a lower frequency would be heard. However, in the case of 

a stationary observer and a moving source, the observer experiences 

wavelength changes rather than frequency changes. 
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A similar Doppler effect occurs when analyzing the frequency change 

of the light scattered from a moving droplet. The analysis of the total 

Doppler frequency shift in the scattered light must be performed in two 

steps. First, the droplet is treated as a moving observer relative to a 

stationary light source. The frequency of the incident light, as 

experienced by the droplet (see Figure 57 for the details of the 

scattering geometry), can be written as 

(o - it^ic,) 
fP ^ < 5 2> 

In this case, if the droplet is moving towards the light source, the 

droplet experiences light at a frequency higher than that of the light 

source. Secondly, this higher frequency light is scattered from the 

moving droplet to a stationary observer for measurement. Because this 

situation can be represented as a moving source - stationary observer, 

the wavelength of the light received at the observation point will be 

changed. This new wavelength can be expressed as 

(c - a d-ic 5) ( c - a d - i c , ) 
'p (o - u d' ki) 

In this case, if the droplet is moving towards the stationary observer, 

the light wavelength observed, wi 11 be smaller than that scattered from 

the droplet. This will result with an even higher light frequency at 

the observation location than present in either the scattered (relative 

to the droplet) or unscattered light beams. The Doppler frequency 

shift, the difference between the light source frequency and the 

scattered light frequency, can be written as 
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Figure 57. - Diagram indicating the incident, 
light direction unit vectors for a droplet 
velocity vector, iid. 

kj, and scattered, k s , 
moving with a constant 
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Upon combining equations (52) - (54), the total Doppler frequency shift 

becomes 

where the approximat ion that c >> |3 d| has been applied. Note also that 

the index of refraction of the continuous phase has been assumed equal 

to one for this derivation. 

DOPPLER FREQUENCY SHIFT DETERMINATION 

The Doppler frequency shift caused by a particle traveling at a 

speed corresponding to most physical continuum flow situations is very 

smal1 when compared to the initial 1ight frequency. For example, a 

droplet traveling at a velocity of 10 m/s will produce a maximum 

normalized frequency shift of Af/f i - 6.7 X 10~ a, or 1 part in 15 

million. This is exceedingly small, and would be difficult to measure 

with the best spectroscopic techniques available. However, because of 

the high frequency of the incident light (4.7 X 10 1 4 Hz for 

X = 632,6 nm), a frequency shift of 1 part in 15 million corresponds to 

a 31.6 MHz frequency change, which is a readily measureable effect. The 

two basic methods for measuring this frequency shift will now be 

presented. 
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Signal Analysis Us'ng Optical Mixing Spectroscopy 

One method for determining the smal1 relative Doppler frequency 

shift in the light scattered from a moving droplet is the use of optical 

mixing spectroscopy. In optical mixing spectroscopy the scattered light 

beam is optically mixed with the incident light beam and passed into a 

square law photodetector [101], [102] as shown in Figure 58. The output 

of the square law detector is a beat frequency which is equal to the sum 

and difference of the incoming signal frequencies (the high frequency 

component is discarded due to photodetector response or electronic 

filtering). Thus, the measurement of the Doppler frequency difference 

is obtained directly, which eliminates the need for an absolute 

frequency measurement. LDV arrangements employing this method of 

Doppler frequency shift detection are commonly termed as heterodyne 

techniques, after the super-heterodyne techniques employed in radio 

frequency and microwave communications. 

Three of the most common heterodyne LDV optical arrangements are 

shown in Figure 59. The first arrangement (Figure 59(a)) is the local 

oscillator (reference beam) heterodyne system, in which the incident 

light beam is mixed with the scattered light for beat frequency 

analysis. The second arrangement (Figure 59(b)) is termed the 

differential (dual beam) heterodyne system, and the third arrangement 

(Figure 59(c)) is called the symmetric (single beam) heterodyne LDV. 

These two LDV arrangements are very similar In that they optically mix 

the light scattered in two different directions. The result is that the 
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Figure 58. - Schematic representation of the mixing of the scattered and 
unscattered light beams for an optical mixing spectroscopy (heterodyne) 
LDV arrangement. Note the high (sum) and low (difference) frequency 
components of the mixed light beam. 
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Figure 59. - Schematic r e p r e s e n t a t i o n s of th ree of the most common 
heterodyne LDV arrangements . 
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light scattered in one direction is positively shifted in frequency, and 

the light scattered in the other direction is negatively shifted in 

frequency. This scattered light is mixed and the beat frequency results 

with a measure of the total Doppler frequency shift. 

The simplest method used to determine the Doppler frequency shift 

for a heterodyne LDV arrangement is to analyze the photodetector c tput 

with a spectrum analyzer. The frequency corresponding to the peak of 

the spectrum determines the mean particle velocity, and the half width 

at half maximum yields the root-mean-square of the velocity fluctuation. 

Other photode tec tor s ignal processors that are commonly used include the 

Doppler burst counter, the frequency tracker and the photon correlator 

(for very low scattered light levels). Typically, the maximum Doppler 

frequency shift that can be determined in a heterodyne arrangement is 

near 100 MHz. This upper frequency limit is controlled by the 

photodetector and signal analysis electronics portion of the system. 

Direct Optical Signal Analysis 

In discussing the Doppler frequency shift determination, it was 

mentioned that it would be difficult for the best spectroscopic system 

to accurately resolve the small relative Doppler frequency shift. There 

is, however, an optical instrument that allows an accurate determination 

of the wavelength of a beam of light. This instrument is known as the 

spherical mirror Fabry-Perot interferometer (FPI) [103]. LDV systems 

generally incorporate the use of a scanning FPI for a relative, rather 
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than absolute, determination of the Doppler frequency shift, i. e., the 

frequency (or wave length) difference between the frequency shi f ted 

scattered light and a known light frequency standard is measured. This 

provides a direct opt ical measurement of the Doppler frequency 

di fference. 

In a typical application, the LDV-FPI optical arrangement is that 

of the reference beam mode in which both the scattered and unscattered 

light beams are mixed for frequency analysis using a confocal scanning 

FPI (see references [104] - [108]). However, several authors [8] and 

[109] - [113] have found that the single beam LDV arrangement also works 

well when using a Fabry-Perot interferometer for the Doppler frequency 

shift analysis. The reference beam LDV-FPI arrangement is shown 

schematically in Figure 60(a). As the distance between the confocal 

mirrors of the interferometer is piezoelectrically scanned, a changing 

interference pattern can be observed (see Figure 60(b)). The central 

fringe will become alternately bright and dark, depending upon whether 

the mirror spacing corresponds to an integral number of wavelengths 

(maximum intensity) or a half integral number of wavelengths (minimum 

intensity). For reference beam LDV-FPI operation, there will be a 

bright fringe corresponding to the wavelengths (frequencTes) of both the 

scattered and unscattered light beams. These bright fringes will occur 

at different mirror spacings. The output of a photodetector monitoring 

these bright fringes is displayed by an oscilloscope as -*. function of 

the FPI mirror spacing for the subsequent determination of the frequency 

difference. This frequency difference is the Doppler frequency shift 
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Figure 60. - Schematic representations of the reference beam LDV-FPl 
arrangement (part (a)) and the interference pattern generated by the 
confocal scanning Fabry-Perot interferometer (part (b)). 
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Figure 61. - Schematic of an oscilloscope trace for a reference beam 
LDV-FPI arrangement showing the method for determining the Doppler 
frequency shi ft. 
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and can be determined by a direct comparison with the known maximum 

frequency range (free spectral range, or FSR) of the FPI. This process 

is shown schematically in Figure 61. 

The free spectral range of the confocal FPI corresponds to the 

mirror separation necessary to change1 the intensity of the bright 

central fr inge between success ive max ima, and is expressed in terms of 

the mirror radius, r, and the speed of light, c, as 

(56) 

A measure of the FPI's capability to resolve different wavelengths is 

called the resolving power, P«, and is given by 

where AX is the smallest wavelength change that can be resolved and 

depends upon the width of a fringe. Generally, the resolution of the 

confocal FPI is expressed in terms of the finer - F. For a mirror 

reflectivity, R, near unity, the finesse can be writ.ten as 

The finesse is improved by increasing the reflectivity of the mirrors 

and the accuracy of the mirror contours. However, as the mirror 

reflectivity is increased, the light transmission decreases, resulting 

in the necessity of a proper design for optimum use. The light 

transmission, T, of the FPI is given by the equation 
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T = ! (59) 
2(1 + a,/t) 2 

where a, is Ihe combined mirror absorption and scatter loss and t is the 

mirror transmissivity. The frequency resolution, Afpp ] ( of the confocal 

FP1 is 

A fFP. = XP R - ^ T ~ < 6 0 ) 

Standard commercial instruments with free spectral ranges between 1.5 

and 2.0 GHz generally have a finesse > 200. These values yield a 

frequency resolution better than 10 MHz. 

LDV CONS IDERAT1ONS FOR HIGH-VELOCITY. LIQU1D-DOMINATED NOZZLE F LOW 

MEASUREMENTS 

Doppler Frequency Shift and Measurement Volume Size 

Measurement of the mean droplet velocity in high-velocity, high 

droplet concentration nozzle flows using LDV techniques requires a 

consideration of several important system parameters, e. g., the maximum 

Doppler frequency shift, the measuring volume size, the laser power 

requirements and the configuration and alignment of the optical 

components. The maximum Doppler frequency shift and the measuring 

volume size are directly related to the beam separation and sending lens 

focal length for a dual beam LDV arrangement (see Figure 59(b)). The 

application of equation (55), to the LDV arrangements of Figure 59, 

leads to the following relation for the Doppler frequency shift in terms 
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of the beam intersection half angle, <p, the particle velocity, u d , and 

the light wavelength, X, [101], [102]: 

2 u H sin ^ 
if = ^ (61) 

From this result, the Doppler frequency shift is seen to increase with 

an increase in the droplet veloci ty or an increase in the beam 

intersection angle for a given light wavelength. For high-velocity 

flows, this frequency can easily be greater than the 100 MHz limit of 

the photodetector and electronics signal analysis equipment for a 

heterodyne LDV arrangement. This problem can be resolved by either 

reducing the beam intersection angle (e. g,, at a droplet velocity of 

1000 m/sec and a wavelength of 514.5 nm a beam intersection half angle 

of <1.5 degrees is required for the <100 MHz frequency limit), or a 

scanning confocal Fabry-Perot interferometer can be used for the 

resulting high frequency shift measurement. 

Doppler frequency shift reduction for high velocity flows by a 

reduction of the beam intersection angle results in an increase in the 

measuring volume. The effective diameter of the beam intersection 

region is given as [102] 

5XF, 
d « v = — S (63) 
*>v 7T D b COS tp V ' 

Here Ft is the sending lens focal length, and D b is the initial laser 

beam diameter where the intensity has dropped to l/e 2 times the center 

intensity. The length of the measuring volume is given as [102] 
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5XF. 
I = — (63) 

m v 7T D b sin <p v ' 

Thus, for a 1.5 degree beam intersection angle, an initial beam diameter 

of 0.35 cm, a light wavelength of 514.5 nm and a lens focal length of 

40 cm, the measuring volume effective diameter is 0.13 mm and its 

effective length is 5.01 mm. 

The use of a measuring volume of this length in a thin, 

high-velocity, high particle concentration flow can result in several 

difficulties. The length of the measuring volume would completely span 

the thickness of the nozzle jet for nozzle numbers 2 - 5 , resulting in 

no spatial resolution and the inclusion of velocity gradients due to the 

jet velocity profile within the measuring volume. Also, because of the 

high droplet concentration, there could be as many as 2600 droplets in 

the measuring volume (resulting in frequency analysis problems) for the 

nozzle exit conditions of Table 1 and 2 /*m diameter droplets. The 

combination of these effects severely limits the usefulness of the 

heterodyne LDV techniques for the high-ve1ocity, high drop 1et 

concentretion nozzle flows. However, very smal1 measuring volumes 

(resulting with very high Doppler frequency shifts) cen be used with 

LDV-FP1 systems operating in high-velocity flows, resulting in 

substantially improved spatial resolution and a significantly reduced 

number of droplets in the control volume. Because of these 

considerations, the LDV-FP1 system became very attractive for use in 

this study. 
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Qualitative LDV Arrangement Comparisons for High Droplet Concentration 

Flows 

To determine which LDV signal analysis technique, either the 

heterodyne method using a spectrum analyzer or the direct optical method 

using a scanning FPI, would be best suited for the high-velocity, high 

drop let number dens i ty nozvie jet flows, a series of comparat ive 

experiments were performed. These experiments were designed only to 

produce a qualitative comparison of the usefulness of these LDV 

techniques under severe test conditions representative of the two-phase, 

steam-water nozzle jet flows of interest. A small converging-diverging 

nozzle (0.318 cm thick rectangular nozzle exit) operating with an 

air-water, two-phase mixture that approximated the high droplet number 

density of the steam-water nozzle jet flow was used. The droplet 

velocity at the nozzle exit was measured to be near 300 m/s, which 

proved to be sufficiently high enough to allow a comparison between the 

different LDV signal analysis techniques. 

Three different LDV arrangements were compared using the air-water, 

two-phase nozzle jet flow. These LDV techniques included the reference 

beam heterodyne (Figure 62(a)), the dual beam heterodyne (Figure 62(b)) 

and the reference beam scanning confocal FPI (Figure 62(c)). All the 

methods were operated in the forward scattering mode using a single 

frequency argon laser (>, = 514.5 nm). 
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Figure 62. - Schematic r e p r e s e n t a t i o n s of the d i f f e r e n t LDV arrangements 
compared for use for the h i g h - v e l o c i t y , l iquid-dominated nozzle j e t flow 
d rop l e t v e l o c i t y measurements. 
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Important results determined from these experimental comparisons 

were: 

(1) At comparatively low droplet concentrations (light transmission 

> 70%), both the heterodyne arrangements required much less laser power 

(10-20 mW) than did the LDV-FPI arrangement (50 - 75 mW) for similar 

signal qualities. 

(2) At moderate droplet concentrations (light transmission between 

30% and 70%), the reference beam heterodyne system had a slightly better 

signal quality than did the dual beam heterodyne arrangement. However, 

the LDV-FPI system output signal was far superior in quality to either 

of the heterodyne techniques. 

(3) At high droplet concentrations (light transmission < 30%), the 

Doppler frequency shift for both heterodyne techniques was completely 

obscured by noise. This noise was presumably caused by both the large 

velocity gradients and the large number of droplets within the measuring 

volume. This condition was virtually unaffected by changes in laser 

power. At this nozzle flow condition, the output signal of the LDV-FPI 

arrangement showed an increase in signal broadening (probably due to a 

wider droplet size spectrum and greater kinetic nonequi1ibrium effects). 

It was also more intense than those recorded previously. This indicated 

that there was more light available in the central bright fringe, 

probably due to the larger number of droplets scattering light to the 

interferometer. 
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Because of the favorable results obtained with the LDV-FP1 

arrangement for this series of qualitative experiments, a laser-Doppler 

velocimeter arrangement employing a scanning confocal Fabry-Perot 

interferometer was chosen to be used for the low-quality, steam-water 

nozzle jet flow measurements. The final LDV-FP1 configuration utilized 

was not the reference beam arrangement previously described, but it was 

a modified dual beam backscatter optical system. This optical 

arrangement was chosen for its experimental simplic ity in both 

measurement and alignment. 

EXPERIMENTAL DUAL BEAM BACKSCATTER LDV-FPI SYSTEM 

Experimental LDV System Optical Arrangement 

Fo1 lowing the select ion of the LDV-FPI arrangement as the system to 

be used for the droplet velocity measurements, it was determined that 

the forward scatter reference beam operational mode was too cumbersome 

for practical use at the nozzle test station. The unit for measuring 

forward scattered light required a critical alignment on each side of 

the nozzle exhaust chamber. This was difficult to achieve and maintain 

because of both the inaccess ib i1i ty and the large environmental 

temperature excursions occuring during operation of the nozzle flow 

apparatus (10 C (50 F) to 100 C (212 F) environmental temperature 

range). 
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Figure 63. - Dual beam backscatter LDV-FPI optical and signal analysis 
arrangemenLs used for the low-qua 1ity, steam-water nozzle jet f low 
measurements. 
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Because of these problems, a dual beam backseatter LDV optical 

arrangement using a scanning confocal FP1 for signal analysis was 

developed. This optical arrangement, shown schematically in Figure 63, 

uses a sending opt ics arrangement identical to that of a dual beam 

heterodyne LDV system. The light beam from a single frequency argon 

laser (see references [113], [114]) is divided into two parallel 

identical beams, which are focused to an intersection point (measuring 

volume) in the flow. The light backscattered from droplets traveling 

through this intersection region is collected by the receiving lens and 

corrected for spherical aberrations by a second lens to col 1imate the 

light scattered from the measuring volume. This beam is then reduced in 

diameter and spatially filtered before being analyzed for the Doppler 

frequency shift using the confocal scanning FPI. The spatial filter 

pinhole in the backscattered light beam path can be used to insure that 

only radiation from the measuring volume is received. However, the 

spatial filter was not used for this work because it was found that 

through the proper adjustment of the spacing between the two lenses used 

For reducing the beam, the light scattered from flow locations other 

than the measuring volume could be caused to diverge, and an aperture 

located prior to the FPI entrance could be used to eliminate all but the 

nearly collimated light originating at the beam intersection region in 

the flow. This provided an optical arrangement that was very simple to 

align. The initial dual beam separation was 5.0 cm and the sending lens 

focal length was nominally 12.0 cm. This resulted in a beam crossing 

half angle of 12.65 degrees (this angle was accurately determined and 
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because of lens spherical aberrations it was different from that 

expected). 

The dual beam backscatter LDV-FPI optical arrangement developed is 

un ique in that a reference beam is not necessary to determine the 

Doppler frequency shift. This is because the dual beam LDV-FPI system 

utilizes light that has been scattered from two different beams at 

different angles wi th respect to the flow di rect ion. The 1ight 

scattered from one beam will have a higher frequency than that of the 

unscattered light, while the light scattered from the second beam will 

be lower in frequency. The difference in the frequency shifts between 

the two beams, when combined with the FSR characteristics of the FPI, 

provides all the necessary information for the Doppler frequency shi f t 

determination. The ease of alignment and the stability of this optical 

arrangement are greatly improved over those of other LDV-FPI optical 

arrangements because modular units can be readily utilized. Figure 64 

is a photograph of the dual beam backscatter LDV-FPI unit showing the 

modular assembly, and Figure 65 is a photograph of it installed at the 

nozzle test station. 

Theoretical Doppler Frequency Shift, Analysis 

The Doppler frequency shift of the light scattered from a moving 

particle can be analyzed for the dual beam backscatter LDV-FPI system 

using the beam intersection geometry shown in Figure 66. From 

equation (55), the Doppler frequency shift of the light scattered from 
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Figure 65. - Photograph of the dual 
installed at the nozzle test station. 

beam backscatter LDV-FPI unit 
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laser beam number 1 (incident from the forward direction) can be 

expressed in terms of the beam intersection and scattering geometry as 

Af j = — [- sin p cos ifi - cos /? sin <t + sin (/? ± ^v)"} (64) 

Similarly, the Doppler frequency shift associated wi th the )i grit 

scattered from beam number 2 (incident from the rearward direction) 

becomes 

Af„ = ™ [- sin 0 cos v> + °os p sin <p + sin (fi ± &<p)'] (65) 

Equations (64) and (S5) each include a term that shows that the Doppler 

frequency shift in the light scattered from each beam can be broadened 

by the physical size of the scattered light receiving aperture. This 

measurement error is called aperture broadening and is due to the finite 

included angle, a^, of the receiving lens aperture. It can be seen that 

large aperture sizes (large A ^ ) can intioduce significant errors into 

the measured frequency of the light scattered from either of the 

incident laser beams. 

Defining the total Doppler frequency shift of the dual beam FPI 

system as the difference between the Doppler frequency shift of the 

scattered light from each of the two focused laser beams results in the 

equation 

2u d M = M 2 *- 4f j = -r— sin * cos /J (66) 

This equation reduces to that presented for the forward scattering 

arrangements of Figure 59 (see equation (61)) when the optical system is 



aligned perpendicular to the droplet velocity vector (fJ = 0 degrees). 

This equation is an important result in that it indicates that the mean 

droplet velocity can be obtained using a dual beam LDV-FPI system 

without the complication of a reference beam signal. This fact greatly 

simplifies the backscatter optical arrangement which enhances the 

opt ical a Iignment ease and stabi1i ty. A]so, equat ion (66) shows both 

that aperature broaden ing errors are nonexi stant for this arrangement 

and that a reasonable amount of alignment error can be tolerated without 

signi f icant measurement error (e. g., an error of < 1% is introduced for 

/J < 8 degrees ). 

Experimental Doppler Frequency Shift Determination 

The electronic signal obtained using the LDV-FPI optical 

arrangement was analyzed using two different methods, each yielding 

different information. The electronic signal analysis equipment used is 

shown schematically in Figure 63. The first method of signal analysis 

was to record the local photomult ip1ier signal ampli tude as a funci ion 

of FPI mirror spac ing us ing an osc iIloscope. The sawtooth voltage 

profile from the oscilloscope horizontal sweep was used to drive the 

piezoelectric crystals of the FPI. As shown by equation (31), the local 

photomul tipl ier voltage* output is a function of the droplet diameter 

multiplied by the number of droplets scattering light per unit size 

range and integrated over all droplet sizes (for a constant scattering 

angle and light wavelength). Although it is not possible to separate 

droplet size and number densi ty effects, the peak of the local 
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photomultiplier output voltage will occur at a droplet size greater than 

the maximum of the droplet size distribution. 

The second method of LDV-FPI signal analysis used provided a 

display of the droplet number rate versus velocity. This was 

accomplished by converting each pulse from the photomultiplier, 

irrespective of its amp!i tude above a preset voltage, into a constant 

amplitude pulse using a pulse generator. This train of constant 

amp 1i tude pulses from the pulse generator was then summed us ing an 

integrator prior to its display using an oscilloscope. 

The combination of these two signal analysis techniques was used by 

Morse, et. at., [8], along with a numerical two-phase flow prediction 

method to determine particle size and velocity in two-phase rocket 

nozzle jet flows. As described previously, the local photomultiptier 

signal amplitude trace is proportional to both the droplet size and the 

droplet number in the measuring volume. The integrated pulse generator 

output is proportional only to the droplet number. Thus, from a 

comparison of the spatial location of the peaks in the two oscilloscope 

traces, a qualitative measure of the droplet size distribution function 

width can be obtained, i. e., the more horizontal separation between the 

peaks of tne droplet number rate trace and and the photomultiplier 

voltage output trace, the greater the width (or multimodal nature) of 

the droplet size distribution function. Thuse analyses cannot be 

combined to yield the droplet size directly, however, because of the 
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many other experimental unknowns that influence this measurement (see 

the discussion presented by Morse, et. al. [8] concerning this subject). 

A photograph of a typical dual beam oscilloscope trace using these 

two signal analysis methods is shown in Figure 67. The upper trace 

presents the local integrated pulse generator output and the lower trace 

shows the local photomultiplier voltage output. The horizontal spread 

or width of the curves is due to the fact that the droplets in the 

measuring volume have a velocity distribution. Note the near 

coincidence in the peak locations in the two different scans. This 

indicates that the droplet size distribution function is narrow. 

The pulse rate counter (integrator) functions by accumulating the 

output pulses of the pulse generator on a capacitor which is continually 

discharged by a resistor. In this manner, the capacitor voltage is a 

measure of the pulse rate averaged over the integration time. Denoting 

T R as the response or integration time and R 0 as the rate of detected 

signal pulses, the output voltage is proportional to R D T R , which has a 

statistical fluctuation with a standard deviation of ( R D T R ) 3 C 1 1 0 ] * 

Since the relative standard deviation due to a finite count rate is 

proportional to ( R D T R ) - 1 ^ 2 ' T R should be made large. However, to avoid 

degradation in the velocity resolution the response time cannot exceed 

the tir.iL, T p g R / F ( T p g R is the sweep period of the FP1 and F is the 

finesse). For the conditions of Table 1 and for 2 nm diameter droplets, 

the count rate is near 2,5 X 10 7 oounts/s, The finesse of the FPI used 

wa§ near 100 and for a convenient FSR sweep rate of approximately 1 s» 
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the integration time, T R , was set at 10 ms. These values yield a 

standard deviation in the count rate of 0.2%. The integrator circuit 

used for this work is shown in Figure 68. 

The FPI scan control unit of Figure 63 was constructed to provide 

better resolution of the Doppler frequency shift information. The 

oscilloscope sawtooth voltage was approximately 150 volts, but the FPI 

required only 40 volts per FSR scan. Thus, using the sawtooth voltage 

directly resulted with nearly four FSR scans per oscilloscope sweep. To 

reduce the voltage at the FPI for better data resolution while 

maintaining synchronization with the horizontal osciIloscope sweep 

resulted in the FPI scan control circuit shown in Figure 69. In this 

circui t, potent iometer number 1 contro1s the constant vo1tage bias 

applied to the FPI, and potentiometer number 2 regulates the voltage 

differential applied to the FPI per oscilloscope sweep. The use of thi i 

control regulates both the number of FSR's to be scanned per 

oscilloscope sweep and the oscilloscope sweep position where the FPI FSR 

scan is to beg n. 

EXPERIMENTAL TWO-PHASE NOZZLE JET FLOW DROPLET VELOCITY MEASUREMENTS 

As discussed previously, calculations using 1D2FAZEQ and 1D2FAZNEQ 

indicated that droplet velocity differences in the nozzle jet flow due 

to droplet size changes were much too small for accurate determination 

of the droplet size through a comparison between the calculated and 

measured droplet velocities (see reference [58]). Because of this, the 
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droplet velocity measurements obtained during this work were made to 

complement the light scattering droplet size distribution measurements. 

During the initial experimental nozzle design, questions arose 

concerning the minimum nozzle thickness allowable while avoiding severe 

boundary layer effects. A very thin nozzle jet flow was necessary to 

obtain the required light transmission for the light scattering 

experiments. However, the condi t ions exi st ing in large cross-sect ion 

jet flows would yield information more representative of actual turbine 

nozzle operating conditions because of the smaller boundary layer and 

wal1 1iquid film flow perturbat ions. To resolve this question 

concerning the nozzle operation and to demonstrate experimentally the 

spatial resolution of the dual beam LDV-FPI arrangement, droplet 

velocity profiles through the nozzle jet thickness were measured using 

nozzle number 3 at. two different operating conditions. These velocity 

profiles are shown in Figure 70. The operating conditions at which 

these data were taken are 1 isted in the f igure. The veloci t ies 

presented in this f igure correspond to mean number rate droplet 

velocities, and thus, are the velocities corresponding to the greatest 

number of droplets in the flow. Droplet ve loc i t ies determined from the 

photomultiplier voltage output differed from these velocities by about 

5%, and were therefore not included. The small differences between 

these two velocities and the near coincidence of the peaks of the 

photomultIplier voltage output and the integrated pulse generator output 

on the oscilloscope traces (see example shown in Figure 67) confirms the 

narrow droplet size distribution functions presented previously. 
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A comparison of the velocity profiles of Figure 70 shows that there 

is little change in the basic profile due to the change in the inlet 

pressure. This indicates that the boundary layer effects are 

essentially the same in either case. A closer inspection of the two 

profiles shows a difference of approximately 100 m/s (328 ft/s) in the 

velocities of the two cases. However, a calculat ion based on 

isentropic, homogeneous flow indicates that the two velocities should be 

nearly the same (approximately 600 m/s (1969 ft/s)). An analysis of the 

pressure profiles for the two cases shows that for the velocity profile 

corresponding to the 2.1 MPa (300 psia) inlet pressure (exhaust pressure 

of 37.9 kPa (5.5 psia)) the nozzle was operating underexpanded, and for 

the velocity profile corresponding to the 0.7 MPa (100 psia) inlet 

pressure (exhaust pressure of 17.2 kPa (2.5 psia)) the nozzle was 

operating overexpanded. Overexpanded operation will cause an oblique 

shock to form in the nc-szle jet flow. This could cause a velocity 

decrease before the fluid reached the measurement location 1.0 cm from 

the nozzle exit. 

The maximum distance from the nozzle exit at which the oblique 

shocks would completely cross the jet flow (one shock originating at 

each sidewall) can be estimated. This estimation can be made because 

the velocity normal to an oblique shock wave must be greater than or 

equal to the local sonic velocity of the fluid. For a local two-phase 

sonic velocity of 230 .i/s (755 ft/s) and a nozzle exhaust velocity of 

600 m/s (1969 ft/s), the minimum angle that an oblique shock could form 

(at a sonic normal velocity) with respect to the nozzle axis is 22.5 

-176-



degrees. Using this value indicates that the oblique shocks from each 

of the two nozzle sidewalts will intersect at a distance < 0.4 cm from 

the nozzle exit (because of the 0.325 cm thick jet flow). Because this 

distance is less than the distance to the veiocity measurement location 

and because the two-phase obiiquc shock calculations of Comfort £4] 

indicate that the velocity loss for similar oblique shock conditions was 

approximately 100 m/s (328 ft/s), the difference in velocities between 

the two measured velocity profiles of Figure 70 appears to be caused by 

overexpanded nozzle operation for the 0.7 MPa (100 psia) inlet pressure 

conditions. Further measurements determined that for underexpanded 

nozzle operation at an inlet pressure of 0.7 MPa (100 psia), exhaust 

velocities near GOO m/s (1969 ft/s) were obtained. Since this velocity 

is very near that calculated for the vapor velocity using 1D2FAZEQ, it 

confirms the small droplet sizes measured using the scattered light 

intensity profile matching technique presented previously. The large 

velocity difference obtained for the measurementj of Figure 70 suggests 

that underexpanded nozzle operation should be maintained for velocity 

measurements in thin two-phase nozzle jet flows. 

Although the velocity measurements of Figure 70 are for a 0.325 cm 

jet thickness, the LDV-FPI system was found to allow measurements in 

much thicker nozzle jet flows. Velocity measurements in two-phase, 

air-water nozzle jet flows with light transmission characteristics 

similar to the steam-water nozzle flows have shown that the dual beam 

backseatter LDV-FPI arrangement was capable of measuring droplet 

velocities at depths up to 0.6 cm into the flow. This capability will 
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allow free-stream velocity measurements to be obtained using large 

cross-section two-phase nozzles. 

The mean number rate velocity vartation as a function of the 

vert ical distance from the nozzle jet center 1ine is shown for two 

different nozzle inlet pressures in Figure 71. The measurement location 

was maintained at the jet thickness centerline for all the measurements. 

The nozzle operating conditions at which these data were taken are 

listed on the figure. Again, because the nozzle was operated 

overexpanded during these tests, the measured velocities are 

consistantly low. Examination of this figure shows very little droplet 

velocity spatial variation. This indicates that the droplet size change 

over the jet height is small, which substantiates the assumption of a 

constant mean specific droplet CTOSL section used previously to obtain 

the droplet volume fraction spatial variation shown in. Figure 52. 

There were several possible sources of error involved in the 

droplet velocity measurements, with the largest error resulting from the 

peak to peak distance (time) measurements from the oscilloscope traces. 

Inclusion of all the errors indicates that droplet velocity measurement 

accuracies of better than ±3% can routinely be expected. The accuracy 

and data rate capability of this LDV-FPI system could by substantially 

improved by electronically determining the peak to peak times directly 

from the oscilloscope input voltages. 
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SUMMARY AND CONCLUSIONS 

1) A new method for the determination of small particle size 

distributions in a thin two-phase nozzle jet flow using a light 

scattering technique was developed. The experimental technique is based 

upon the simultaneous single scattering of light from many particles. 

The size distribution inversion method involves matching the measured 

scattered light intensity profile with a summation from the intensity 

contributions of a series of appropriately spaced narrow band size 

distribution functions. A numerical optimization procedure is used to 

determine the strengths of the individual bands which yield the best 

agreement with the measured scattered light intensity profile. The 

narrow band intensity contributions are calculated using exact Mie 

theory. 

2) Numerical experiments indicated that the narrow band size 

distribution inversion method has the capability to invert a wide range 

of different size distribution functions. Examples are presented for 

the numerical inversion of a narrow monomodal size distribution 

function, abroad monomodal size distribution function and a broad 

bimodal size distribution function. This size distribution inversion 

method can be important for the understanding of two-phase nozzle flows 

because of its capability for determining the complex size distribution 

functions that may be present. 
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3) A scattered light collecting optics arrangement consisting of 

two 60 cm focal length lenses was utilized to avoid spherical 

aberrations for the larger scattering angles and the finite measuring 

volumes required for measurements of the small droplet sizes present in 

the two-phase nozzle jet flows. The use of this optical system 

(including the film calibration and analysis procedure) for scattered 

light measurements was demonstrated using a glass beads-in-water 

polydi spers ton. 

4) Experimental measurements of the droplet size distribution in 

1iquid-dominated, steam-water nozzle jet flows were accomplished for 

nozzles operating at a constant inlet enthalpy of 1.16 MJ/kg 

(500 Btu/lbm) and inlet pressures between 0.7 MPa (100 psia) and 1.4 MPa 

(200 psia). The effect of variations in the nozzle throat geometry 

(i. e., throat radii of curvature of 0.051 cm, 0.318 cm and 2.540 cm and 

throat heights of 0.318 cm and 0.635 cm) and inlet pressure upon the 

droplet size distribution in the nozzle jet flow was investigated. For 

the nozzle geometry and inlet conditions tested, the nominal modal 

droplet diameter was 0.5 fjm, the nominal Sauter mean droplet diameter 

was 1.7 tim and the nominal mass mean droplet diameter was 2.4 /xm. These 

measured mean droplet diameters were significantly smaller than those 

calculated using either the thermal equilibrium or the thermal 

nonequi1ibrLum numerical models (i. e., predicted diameters cons istant ly 

near 7.5 /an), which indicates a need for a better understanding of 

droplet breakup mechanisms. No measureable change in the nozzle jet 

flow droplet size distribution was observed for either the nozzle throat 
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geometry or the inlet condition variations tested. This indicates that 

neither type of variation has a significant influence on the nozzle exit 

droplet size for the small measured droplet diameters present (droplet 

diameter changes less than approximately ±20% (±0.4 urn for a 2.0 ftm 

diameter droplet) could not be detected for these small droplet sizes 

because of experimental errors). 

5) Numerical predictions of the nozzle flow using; 1) a 

one-dimensional thermal equi1ibrium model (1D2FAZEQ) and 2) the same 

computer program modified to include thermal nonequi1ibrium effects 

(1D2FAZNEQ) consistently yielded nozzle exit droplet diameters near 

7.5 jzm. Variations in nozzle throat geometry (i. e., throat radii of 

curvature of 2.540 cm, 1.270 cm and 0.318 cm and throat heights of 0.835 

cm and 0.318 cm) yielded predicted nozzle exit droplet diameter changes 

near ±0.9 $xm (see Figure 0 for the nozzle operating conditions and the 

predicted droplet diameter results). Experimental measurements 

determined that the nominal nozzle exit droplet diameter was 

significantly smaller than the near 7.5 /*m predicted droplet diameter 

(i. e., the measured nominal mass mean droplet diameter was near 

2.4 nm). However, from the droplet size distribution measurements, the 

predicted droplet diameter was seen to be reasonably consistant with the 

maximum stable droplet diameter existing in the nozzle jet flow. These 

results suggest that an appropriate critical Weber number (using 

1D2FAZEQ) for this flow should be near 1.0, rather than the value of 6.0 

currently in use. The inclusion of this value into the calculational 
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model allows the entire droplet phase characteristics to be calculated 

more accurately throughout the entire nozzle flow. 

6) Flow separation occurred in the nozzJ-J incorporating the 

smallest throat radius of curvature and throat height combination, 

nozzle number 5 (R* = 0.051 cm and y* = 0.31B em), at a location near 

the nozzle throat. This conclusion is based upon the observed shift in 

the measured nondimensional pressure versus area profile. The flow 

separation region was very small and was probably due to the small 

throat radius of curvature and the large expansion angle combination. 

The effect of the flow separation was such that it could only be 

detected when using the very small throat height nozzle number 5 (the 

flow separation region was too small for its effect to be noticed during 

the operation of nozzle number 2 (R — 0.051 cm and y — 0.635 cm) 

because of its much, larger throat height). This result suggests that 

for applications using two-phase nozzles the throat radius of curvature 

should be maintained greater than 0.051 cm to avoid nozzle performance 

degradation due to flow separation. 

7) The spatial variation of the droplet volume fraction across the 

height of the nozzle jet flow was determined using light transmission 

measurements in combination with spatial uniformity results from the 

droplet size distribution and droplet velocity measurements. These 

measurements indicate that the droplet volume fraction is a factor of 

1.1 greater than the predicted one-dimensional, homogeneous droplet 

volume fraction at the jet flow centerline. Furthermore, the profile is 
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constant at this value until a vertical location greater than one half 

the distance from the jet center]ine to the top of the jet is reached. 

Beyond this point, the relative droplet volume fraction decreases until 

a ratio near 0.7 is reached at the top edge of the jet flow. The 

droplet phase is much more uniformly distributed in this flow than the 

particulate phase was found to be distributed in gas-particle nozzle 

flows, but it is consistant with the droplet phase spatial distributions 

measured in high-quality nozzle flows. 

B) The light transmission measurements were also utilized to 

confirm the Sauter mean droplet diameter measured using the scattered 

light intensity profile matching method. The Sauter mean diameter 

obtained from light transmission measurements was near 2.0 jum. This is 

very near the average Sauter mean droplet diameter of 1.7 /JZU (18% 

difference) that was obtained from an integration of the measured 

droplet size distribution. 

9) A pulsed ruby laser shadowgraph arrangement was used to obtain 

near stop-action photographs of the spatial variation of the droplet 

phase within the complete nozzle flowfield using transparent sidewalled 

nozzles. The system was used to photograph the flow patterns in the 

nozzie inlet and throat regions, the droplet flow channeling throughout 

the entire nozzle and the two—phase boundary layer separation and shock 

wave flow phenomena. From photographs of the nozzle inlet and throat 

regions, it was concluded that the large particle flow channeling could 

be eliminated and the droplet size reduced in general by a phase 
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separation before the nozzle inlet and a proper phase remix arrangement 

near the nozzle throe.t. This could enhance droplet phase spatial 

uniformity and create high relative phase velocity and temperature 

differences conducive to droplet breakup. 

10) A new laser-Doppler velocimeter arrangement was developed to 

determine the droplet velocity in high-velocity, high droplet 

concentration, two-phase nozzle jet flows. Several different LDV 

arrangements were investigated, but the methods employing direct optical 

signal analysis (using a scanning eonfocal Fabry-Perot interferometer) 

of the Doppler frequency shift were found to be the most useful. The 

opt ica\ arrangement deve Loped for this study was that of a dual beam 

backscatter LDV-FP1, for whic^i the difference in frequency between the 

light scattered from each laser beam provides the Doppler frequency 

shift information. In this manner, a reference beam signal is not 

required, and the optical alignment ease and stability is enhanced over 

other LDV-FPI arrangements because modular optical assembly can be 

readily utiIized. 

11) The dual beam backscatter LDV-FPI arrangement was utilized to 

measure droplet velocities in the twc-phase, steam-water nozzle jet 

flows. Velocity profiles were measured across the thickness of the 

nozzle jet flow. These measurements demonstrated the spatial resolution 

of the LDV-FPI «»rangement, and they also determined that the boundary 

layer effects for the thin cross-aection nozzle flows were not 

sufficient to modify the maximum velocity at the nozzle exit. Maximum 
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velocities near 600 m/s (1969 ft/s) were measured at the nozzle exit, 

corresponding very closely to the vapor exhaust veloci ty calculated 

using both 1D2FAZEQ and 1D2FAZNEQ. This confirms the droplet $ize 

measurements in that the droplet sizes must be < 4 /im in diameter for 

such small relative velocities to occur. 

12) Thin two-phase nozzles must .be operated underexpanded when 

measuring droplet velocities in the nozzle exhaust flow to avoid 

velocity measurement errors due to oblique shocks at the exit. Another 

method for avoiding oblique shock measurement errors is to determine the 

droplet velocity directly in large cross-section two-phase nozzles. 

This avoids velocity measurement errors by allowing the LDV measurement 

volume to be positioned in the flow ahead of the oblique shock. 

Measurements in two-phase, air-water nozzle jet flows with similar light 

transmission characteristics as the steam-water nozzle flows 

demonstrated that velocity measurements could be obtained (using the 

dual beam backscatter LDV-FPI arrangement) at a depth up to 0.6 cm into 

the flow. This is sufficient to allow free-stream droplet velocity 

measurements in large cross-section nozzles while avoiding oblique shock 

induced measurement errors. 

13) The measured spatial variation in the droplet phase velocity 

across the nozzle jet height was small, This indicates that the spatial 

variation of the droplet size is small, and it supports the small 

variations in the droplet volume fraction that were determined from the 

light transmission measurements. 
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14) In general, the measured droplet size in the nozzle jet flow 

(measured nominal mass mean dropiet diameter of 2.4 fim) was not less 

than the 2.2 /tm maximum droplet diameter necessary for a turbine 

performance increase with the experimental impulse blading geometry of 

reference [4] (see Figure 1). This result confi rms the cone 1us ion 

presented in reference [4] that the nozzle exit droplet diameter was 

greater than 2.2 /im for the impulse turbine experiments. However, with 

the measured droplet size distribution function information obtained for 

this study and the calculational technique of reference [4], it should 

be possible to achieve a significant increase in turbine performance by 

the design of a wheel with longer chord biades for wider blade spacing 

(see Tigure 2). 
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RECOMMENDATIONS FOR FUTURE WORK 

Bocauso oT the strong dependence of two-phase impu1se turbine 

efficiency on nozzle exit droplet size, it is essential that further 

work on both the mechanisms governing and the methods for predicting 

drop let breakup in single-component, two-phase nozzle flows be 

undertaken. The proposal for a controlled phase remixing in the nozzle 

throat reg i on to increase the k inet ic end thermal nonequ ilibrium effects 

and to eliminate droplet channeling and droplet impact on the nozzle 

converging walls, both for increased droplet breakup, should be pursued. 

Measurements of the drop let phase character ist ics throughout the enti re 

nozzle, and especially in the nozzle throat region, should be made. 

These measurements would provide valuable information about the droplet 

breakup mechanisms within this type of flow. Droplet characteristics 

measurements as a function of the liquid phase fraction, with 

application to very low-quality turbine inlet conditions, should also be 

made. This '.vould yield information pertinent to waste and solar heat 

energy conversion processes. Further research concerning the basic 

droplet breakup mechanisms, i . e., whether kinetic or thermal 

nonequi1ibrium breakup dominates, should also be considered. In these 

studies, measurements of the effect of a high interphase mass transfer 

rate on the droplet surface tension should be included. 

Further development of the droplet phase characteristics 

measurement techniques is also needed. Studies of the effects of 

multiple scattering on the scattered light intensity profile from small 
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part.cle dispersions would be desireable. A method is needed fcr 

drop let size measurements in large cross-sect ion nozz le flows wi th 

comparable or higher droplet concentrations. Refinements in both the 

light scattering droplet size distribution measurement and the LDV 

droplet velocity measurement methods should be accomplished to increase 

Lheir speed and accuracy. A magnetic tape - minicomputer arrangement 

could be interfaced with a photosensor array to provide on-line droplet 

size distribution information. This arrangement would allow many tests 

to be accomplished in a short period of time and could possibly be used 

for time resolved measurements. Similarly, the output from the LDV 

system could be analyzed using a minicomputer system to provide on-line 

information and to increase the data rate and the measurement accuracy. 

The design of advanced two-phase impulse turbines (nozzle and blade 

contours) requires the development of improved calculational models. 

Multi-dimensional, two-phase calculational methods which include 

experimentally derived droplet breakup information should be developed. 

Information concerning two-phase boundary layer behavior and two-phase 

shock phenomena is also of importance to advance the design and 

calculat ional methods. Ti* behavior of these complex flow si tuations is 

virtually unknown at the present time. 
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APPENDIX A 
MIE THEORY LIGHT SCATTERING RELATIONS 

The theoretical relationship for the angular distribution of the 

intensity of light scattered by a single spherical particle of arbitrary 

size was developed by Mie [45]. This result was presented in equation 

(27), with the exception of the definition of the Mie scattering 

function, i(0,cr,m). The numerical value of the Mie scattering function 

depends upon the scattering angle, s, the incident light wavelength, X, 

the particle diameter, D, the particle index of refraction relative to 

that of the surrounding medium, m, and the incident light polarization. 

The Mie scattering function for vertically polarized light can be 

expressed as [49] 

i ( 9 . a , m ) v p = i , = K f e ) ! 2 ( A . l ) 

where 

°° (2n + 1) 
G l < 6 > = E ~: : [°n*nlQoa "> + b n T n ( ° o s " ) ] ( A - a > 

n = l n(n + 1) 

Similarly, the Mie scattering function for horizontally polarized light 

can be written as 

i(8,«.m) H p = i t = |G 2(S)| 2 (A.3) 

where 
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~ (2n + 1) 
G8<») = E On*.,* 0 0 5 *) + a

n
T n < c o a fl'] < A' 4> 

n=I n(n + 1) 

For incident natural light, the Mie scattering function can be expressed 

as a combination of the vertical and horizontal polarization scattering 

functions by the equation 
i(e,ot.m)Nl = (*! + i2)/3 (A.5) 

In these equations, a n and b n are the scattering coefficients (functions 

of « and m only) and can be written as 

S;(«m)S n(a) - mS;(a)Sn(cull) 

S;(am)vn(o) - mif-(a)Sn(oni) 
(A.6) 

and 

mS^(am)Sn(o) - Si(a)Sn(am) 
D n = (A.7) 

mS^((im)/n(a) - ^(a)Sn(can) 

Sn< Z> = J 2 ! ) " ' 2 J
n + l / 2 < Z ) (A-8) 

C n(z) = (-1)- j s f ) 1 " J . ( n + 1 / 2 ) ( z ) (A.9) 

and 

¥>n(z) = S n(z) + i C n(z) (A.10) 

In equations (A.8) - (A.10), the arguement, z, can assume the value of 

either a or am. The primes denote a partial derivative with respect to 

the arguement, i » (-l) 1/ 8 and J is the half order ordinary Bessel 
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function. The angular functions irn(cos 8) and r n(cos 8) are Legendre 

polynomial functions, given by 

Pj(cos fl) 
irfcos 8) = : — - (A.11) 
n* ' sin 8 ' 

and 

T„(cos 8) -- ̂ [Pifcos 8)] (A. 12) 

where the function P^(cos 8) is a Legendre polynomial in terms of cos 8. 

An additional important result of the Mie scattering equations is 

the formulation of the scattering efficiency factor, Q e xt' The 

scattering efficiency factor is expressed using equations (A.2) and 

(A.4) applied at 8 = 0 degrees, to obtain (G,(0) = C 2(0) = G(0)j [49] 

«.xt = H R e{ G<°)} (A. 13) 
or 

where the amplitude function G(0) is given by 

oo 
0(0) = | £ (3n + l)(an + b j (A.14) 

n=l 

Thus, the scattering efficiency factor becomes 

oo 
Q . x t = S i E (2n + 1) Re(a n + b„) (A.15) 

« n=l 

With this system of equations, the amplitude functions, Gj(a) and 

G 2(8), can be calculated to yield the required Mie scattering function, 

i(&,a,m), for the droplet size distribution inversions, and the 

scattering efficiency factor, Q e xt* can be calculated for the light 

transmission measurements. These equations were solved for this study 



using the general scheme developed by Gucker and Cohn [Al] and presented 

in detail by Erickson [A2]. The Legendre functions were determined 

using a modification of the computer formulation presented by Hancock 

and Livingston [A3]. Since the calculations were made using a CDC-7600 

(60 bit word size), double precision arithmetic was found to be 

unnecessary, even for very large particle sizes. Convergence of the 

infinite series was assumed to be satisfactory when the normalized 

difference between the partial sums was less than a specified tolerance 

(typically 10~4 to 10" 6). Numerical values for the calculated Mie 

scattering functions, ij and i 2, were compared with those presented by 

several authors (see references [98] and [Al] - [A4]) to verify the 

computer subprogram before proceeding with the work presented in this 

report. 
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Soot in Flames", Sc. D. Thesis, Massachusetts Institute of Technology, 

Cambridge, Mass., Dec. 1961. 
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APPENDIX B 
DIFFRACTION THEORY LIGHT SCATTERING RELATIONS 

When considering the light scattered by a polydispersion of 

particles that are large when compared to the incident light wavelength 

(a > 20), the exact Mie theory scattering function, i(0,a,m), can be 

approximated by the much simpler diffraction theory scattering function, 

id(fl,a). 'This function was presented by equation (32) for small angle 

scattering (0 * sin 0). Substitution of this function into equation 

(31) yields the scattered light intensity as 

aJ l(aO) 
He) = K 

J*OC 

»0 

2 
f(o)da (B.l) 

The importance of using this equation only for large particle 

dispersions is shown by Figure Bl. In this figure, comparisons of the 

relative scattered light intensity profiles calculated using both Mie 

theory (equation (31) for horizontal polarization) and diffraction 

theory (equation (B.l)) are presented for two different size 

distribution functions. The larger particle size distribution function 

was formed using a ULDF with 5 = 50.0, Q U L D P = 0.75 and cĉ  = 80.0, and 

the smaller particle size distribution function was formed using a ULDF 

with 5 = 10.0, % L n p = ".75 and <>„ = 20.0. It can be seen that much 

better agreement between the Mie theory calculations and the diffraction 

theory calculations is obtained for the larger particle size 

distribution function. This agreement becomes better as the particle 

size is increased. 
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Scattering angle, (((degrees) 

Figure Bl. - A comparison of relative scattered light intensity profiles 
calculated using both Mie theory and diffraction theory for two 
different particle size distributions. 
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Equation (B.l) can be analytically inverted to yield an explicit 

relationship between the particle size distribution function, f(o), and 

the scattered light intensity variation, J(o), as (see equation (33)) 

[64]. [65] 

f<«)=-W^r j *^i*\*i(«wi(«*)** < B - 2 ) 

where 

g(«> = *m^- ( B . 3 ) 

The use of equation (B.2) to determine the size distribution 

function for a large particle polydispersion requires a differentiation 

of the experimental scattered light intensity profile*. This requires 

precise experimental data and extreme care in the differentiation 

process to yield accurate size distribution function inversions. Figure 

B2 presents the variation of this derivative term, (2n/\)zdg{6)/ddt as a 

function of the scattering angle for the relative scattered light 

intensity profiles of Figure Bl. Comparisons between the Mie theory and 

the diffraction theory results indicate much better agreement is again 

obtained for the larger particle polydispersion. 

To avoid the problems inherant in the differentiation of 

experimental data, Shifrin and Kolmakov [69] expanded equation (B.2) to 

an equation involving only an integration of the experimental data. 

* - Equation t (B.2) was used directly to determine the glass 
beads-in-water particle size distributions presented in Figure 37. It 
was found that a graphical differentiation, combined with minor 
smoothing of the differentiated scattered light intensity data, yielded 
accurate large particle size distribution function inversions. 
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This development proceeded by substituting equation (B.l) into equation 

(B.3) to obtain g(9) as 

g(8) = ^ I af(a)[(afl)jf(a8)]dfl 

A new variable, T(fl), was defined as 

T(S) = g(6) - g(°o) 

such that in the limit as fl -> °o, g(oo) becomes the constant 

f°° foE(a)' 
g(°°) de 

By defining 

M(e) I T( 
Jo 

T)dT 

(B.4) 

(B.5) 

(B.6) 

(B.7) 

Integrating equation (B.2) by parts twice and incorporating equations 

(B.3) - (B.7), yields the particle size distribution function as 

\2 f» ,3 
f(a) = -2TT 2TT M(e)-sr[(«A)'i!(«fl)Yi(ae)]de de 

(B.B) 

From an inspection of the preceeding development, it can be seen 

that the particle size distribution function can be determined for a 

large particle polydispersion from the experimental measurement of g(0) 

and the use of equations (B.5), (B.7) and (B.B). Equation (B.5) 

involves the determination of g(°°) at large angles where g(0) is 

essentially constant (see equation (B.6)). The determination of this 

constant is critical, and its requirement severely limits the smallest 

particle sizes that car, be measured. 
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Figure B3 presents the quantity, (2?r/x)2g(0), as a function of the 

scattering half angle for the scattered light intensity profiles 

presented in Figure Bl. This is the same function that was 

differentiated to obtain the information shown in Figure B2. It can be 

seen from this figure that because of the oscillations in g(d), the 

experimental determination of g(°°) requires relatively large angle 

measurements. Also, because of the deviation between the exact Mie 

theory calculations and the approximate diffraction theory calculations, 

it appears that the accurate determination of g(°°) will require that 

only very large particle size distribution functions can be inverted 

accurately with this integral formulation. 
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APPENDIX C 
FILM CALIBRATION AND DATA ANALYSIS PROCEDURE 

Fitm Calibration and Scattered Light Data Recording 

The recording of the film calibration and scattered light intensity 

data, shown schematically in Figure 34, occurred in two separate and 

distinct steps. First, the optical system was aligned to bypass the 

film calibration mirror pair. In this arrangement, the data 

corresponding to the different scattered light intensity profiles were 

recorded on individual pieces of film. Then, following this sequence of 

photographs, the opt ical system was realigned to bypass the 1ight 

scattering optics, and each piece of film was exposed to the light beams 

from the calibration mirror pair. 

The calibration mirror pair was designed to provide a series of 

exposures with a differing, but known relative energy density associated 

with each beam. A schematic of the partially transmitting film 

calibration mirror pair is shown in Figure CI. It can be seen that for 

an initial light beam energy density, E 0, incident upon the left side of 

the mirror pair, the first transmitted beam output on the right side of 

the mirrors has an energy density equal to (1 - Rt)(l - R a)E 0. 

Designating this quantity as Ej yields the energy density of each of the 

succeeding transmitted beams on the right side of the mirror pair equal 

to the quantity (RiHg)'l~lB1, where n is the light beam number. A 

similar relationship can be seen to exist for the reflected light beams 
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Figure CI. - Schematic of the tilted calibration mirror pair showing the 
light transmission and reflection interaction that results in the 
multiple calibration light beams. 
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leaving the left side of the mirror pair, provided that the first 

reflected light beam is not included. For this work, the mirror 

reflectivities were specified to be near 70% (they were measured at 

0.701 and 0.728 at x = 632.8 nm) so that the relative energy density 

change, R ^ g , would be near 50%. 

An exposure of the film to this series of light beams, in 

conjunct ion with a microdensitometric scan of the film, provides a 

relationship between the incident light energy density and the resulting 

film density. Each individual piece of film was calibrated in this 

manner to assure high accuracy. This was necessary because of possible 

variations in the film development process, or due to variations in the 

film emulsion. This film calibration method can be extended to provide 

an absolute calibration by including a calorimetric measurement of the 

energy density in the initial light beam. 

Film Density Digitization Procedure 

The calibrat ion exposure and scattered 1\Tht f ilm densi ty 

information that was recorded on each piece of film was digitized using 

a computer controlled microdensitometer. The microdensitometer was used 

to scan the film to provide a high accuracy measurement of the film 

density and its spatial location on the film. For this work, a 

microdensitometer slit size of 57 X 57 tm was used in conjunction with a 

spatial step size between 50 and 200 tan, The step size was dependent 

upon the size of the exposure to be scanned and limited only by the 
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Figure C2, - Photograph of the scanning microdensitometer. 
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Figure C3. - Photograph of the miorodensitometer computer control and 
magnetic tape recorder system. 
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maximum array size allowed by the data analysis computer program. The 

digitized film density data was stored on a magnetic tape prior to its 

transfer to a disc file on the main computer system (CDC-7600's). 

Photographs of the microdensilometer and i ts assoc i ated computer 

controls and tape recording system are shown in Figures C2 and C3, 

respectively. 

Film Density to Energy Density Conversion 

Since the light scattering droplet size distribution measurement 

technique requires a determination of the scattered light intensity 

profile*, the digitized film density information contained in the 

computer disc file must be converted to this form. This conversion 

process was accomplished through the use of the computer program 

developed by Weaver, et. al. [86]. The computer calculations involve an 

analysis of the film density information from a line scan directly 

through the center of each of the calibration exposures. The film 

density of each of these exposures that is used in the film calibration 

analysis is determined at the spatial coordinate corresponding to the 

center of the full width at the half maximum density point. A plot of a 

typical calibration exposure line scan is shown in Figure C4. The 

vertical lines near the peak of each exposure corresponds to the film 

density chosen for the subsequent film calibration analysis. 

* - A relationship between the film energy density and the scattered 
light intensity is derived in Appendix D. It is shown that the two are 
identical, except for a constant multiplier. 
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Figure C4. - Plot of a typical microdensitometric calibration exposure 
scan. 
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By combining the film density information for each of the 

calibration exposures with the known relative energy density of the 

corresponding Iight beams (due to the { R 1 B a ) n ~ , E 1 relationship), a 

relationship between the film density and its associated energy density 

can be determined. Figure C5 presents such a relationship for the 

calibration exposures of Figure C4. The X's represent the peak film 

density points shown in Figure C4, and the solid line is a polynomial 

curve fit to these data points. This curve fit is used to provide the 

cont inuous f i1m dens i ty — energy dens i ty relat ionship required to 

convert the scattered light film density to energy density for use in 

the droplet size distribution inversion procedure. 
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APPENDIX D 

SCATTERED LIGHT RECEIVING LENS DESIGN 

AND INTENSITY ANALYSIS 

Ideal Thin Lens Design 

The determination of the droplet size distribution by light 

scattering requires an optical arrangement that can distinguish the 

angular variation of the scattered light intensity. One such optical 

arrangement, developed by Chin, et. al. [64] for scattered 1ight 

intensity measurements, is shown in Figure Dl. From the thin lens 

relationship, it can be written that 

s s' F (
 v ' 

where F, is the focal length of the lens, s is the object distance of 

the scattering particle and s' is the image distance. From similar 

triangles, it can be written that 

?. (D.2) 

where r is the radius to the scattered light intersection point at the 

focal plane, and H is the radius to the scattered light intersection 

with the receiving lens. Combining equations (D.l) and (D.2) yields 

i = i __ i =!LzI± = ^_ ( D 3 ) 

s F, s' s'F, HF, ^u•':,' 

Rearranging equation (D.3) and assuming small scattering angles results 
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Figure Dl. - Scattered light collecting lens geometry. 
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with 

- = ^ = tan fl « fl (D.4) 
s Fj 

Thus, it can be seen that for single particle scattering, the scattering 

half angle, 0, is independent of the posi t ion of the part icle in the 

light beam, and it in characterized by the radius at the focal plane and 

the lens focal length. 

Real Lens Design 

It can be shown from ray tracing calculations that equation (D.4) 

is very accurate for determining the scattering half angle, 9, as long 

as the lens focal length is large and, the scattering half angle is 

small. The reason that scattering angle measurement errors occur when 

these conditions are not satisfied is because of a defocusing phenomena 

known as lens spherical aberrations. 

Jenkins and White [Dl] present a third order thin lens equation 

that shows that the magnitude of the focal length deviation due to 

spherical aberrations is proportional to the square of the lens radius 

at the scattered light intersection point divided by the lens focal 

length (S.A. °cH 3/F^). Thus, by minimizing this quantity for a given 

light scattering arrangement, the scattering half angle measurement 

error can also be minimized. It should also be noted that finite 

measurement volume sizes can introduce spherical aberration errors 

because of the different lens intersection radii that can occur for 
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scattered light rays with identical scattering angles but different 

spat ial or igins. For this reason, it is especially advantageous to use 

minimum thickness dispersions whenever possible. 

The receiving lens pair used for this study was designed to allow 

the Large scattering half angle measurements (14 degrees maximum) 

necessary to obtain the small droplet size information, while 

essentially eliminating errors due to lens spherical aberrations. To 

minimize the spherical aberrations, two 60 cm focal length plano-convex 

lenses (apertured at a 5.1 cm diameter) were aligned in series to form 

the receiving optics. This lens pair was then located a distance of 

10 cm from the nozzle jet*. The combination of these two changes 

minimized the quantity H 2/F^ and the subsequent spherical aberration 

errors for the 1ight scattering measurements of the droplet size 

distribution in the nozzle jet flow. Also, the scattering volume was 

limited to the He-Ne laser beam diameter and the nozzle jet thickness of 

0.325 cm to minimize errors due to the measurement volume siae. This 

optical geometry was checked using ray tracing calculations and found to 

yield a minimum scattering half angle resolution (scattered light 

overlap at the film plane for the maximum scattering angle of 14 

degrees) of better than 0.01 degree. 

" - This location provided the shortest possible distance between the 
lens pair and the nozzle jet. 
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Film Plane Alignment l 

The film plane was aligned with the lens pair in a manner that was 

simple, but yet it afforded an alignment accuracy of better than 0.1 cm 

in 30.0 cm. The alignment was accomplished by passing two parallel 

laser beams (separated by approximately 1.1 cm) through the lens on a 

diameter with each beam at an equal distance from the lens center. The 

two beams were subsequently focused to an intersection point at the 

focal length of the lens pair. The film plane was then precisely 

located at this beam intersection point using the film positioning 

arrangement shown in Figure 36. 

Calibrated Film Energy Density - Scattered Light Intensity Relationship 

The scattered light information that was recorded on the calibrated 

fi lm was converted to relative energy density as a function of the 

scattering half angle through the use of the film calibration and 

optical arrangement information. However, the light scattering integral 

equation (equation (31)) inversion requires a measurement of the 

scattered light intensity, J(o). To determine the relationship between 

the recorded energy density and the scattered light intensity, the light 

scattering integral equation 

J(0) - K I i(s,a,m)f(a)da (31) 
Jo 

muit be considered. The units of J(e) are power (watts) per unit solid 
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angle. Thus, the amount of power scattered in an angle 7 in the forward 

direction is given by 

: I J(fl)do) = 2ir I 
Jo Jo 

P( T ) = I j(e)do) = 2ir j J (e)(s in e)dfl (D.5) 

where <y is the included solid angle. Similarly, an integration of the 

energy density measured at the film plane over a radius, R, 

corresponding to the included scattering angle, 7, yields 

P(7) = ~. E(«)rdr (D.6) 

where t is the exposure time, and r is the radius from the image center 

on the film. Now, writing equation (D.4) in a form to include the 

multiplier h(8) to account for possible deviation from ideal thin lens 

theory (e. g., spherical aberrations) yields 

§- = h(8)tan 8 (D.7) 
r 1 

such that 

rdr = P 1
2h(8)[h(e)/cos 28 +• h'(e)tan e](tan 8)d8 (D.8) 

where the prime denotes a derivative with respect to the angle 8. 

Substitution of equation (D.8) into equation (D.6) results with 

P ( T ) = — j - E(e){h(e)[h(fl)/cos2e + h'(e)tan e]}(tan e)de (D.9) 

Now, by a direct comparison of equations (D.5) and (D.9), it can be seen 

that 
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J(8) = t ( c o s fl){h(9)[h(fl)/cosa9 + h-(B)tan »]} (D.10) 

In the ideal thin lens approximation and for small scattering angles, 

h(0) — 1.0, sin e u tan 6 me and cos 0 « 1.0, so that equation (D.10) 

reduces to the simple relation 

F?E(e) 
H0)=—t (D.ll) 

Thus, equation (D.ll) clearly demonstrates that the scattered light 

intensity, J(0), is directly proportional to the energy density measured 

at the film plane, provided that h(fl) is essentially constant and only 

small angles are considered . 

The deviation function, h(8), and its derivative, h'(8), can be 

determined (see equation (D.7)) for any receiving optics arrangement 

using ray tracing calculations to assess the differences between the 

results of equations (D.10) and (D.ll). This was accomplished for the 

receiving lens pair used for this study, with the result being that h(a) 

could be assumed to be a constant over the 0 - 1 4 degree scattering 

angle range. This assumption introduced a maximum error of 2% when 

using equation (D.ll) exclusively. Because of this small difference and 

because the absolute number of particles traversed by the light beam was 

not needed, this work utilized the measured relative energy density, 

E(8), directly rather than converting to scattered light intensity 

,J(8), for the droplet size distribution inversions. 

* - A maximum error of 3% is introduced by using equation (D.ll), rather 
than equation (D.10), at a scattering angle of 14 degrees. 
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