A
- /ﬁﬂl é ,( \/ ,
ALY ‘ mn.
/ | , v 'MS.[LR ! UCRL-52534
'*\Lo_
DROPLET PHASE CHARACTERISTICS

IN LIQUID-DOMINATED STEAM-WATER
NOZZLE FLOW

Terry Willis Alger
(Ph.D. Thesis)

August 9. 197¥

Wurk petformed under the auspices 0 the US Departmen of
Energy by the UCLLL under cantrac! number W-7405-ENG 48

B -AWRENCE
I.IWVERMORE
LABORATORY

Lirver sty ol Caltorna | v




LAWRENCE |IVERMORE |_,ABORATORY

University of Cafformia  Livermore, Calformia 94550

UCRL-52534

DROPLET PHASE CHARACTERISTICS
IN LIQUID-DOMINATED STEAM-WATER
NOZZLE FLOW

Terry Willis Alger
(Ph.D. Thesis)

MS. date: August 9, 197§

———wNorice
Thu rport B Prepaned @ an
spmuared by the United States Govern
United Staies nar he
£

u a1,
ay tranly, exgrew o imphed, ot a
lability o tesponkibiry for the sccuracy., complateners
o uicfulness of sy information, apparatus. produ. « or
Process DBOKQ, ot cepresenis thes e ax woul mor
infrnge privaicly owncd righu.




Droplet Phase Characteristics in Liquid-Dominated Steam-Water Nozzle Flow

By

TERRY WILLIS ALGER
B.S. (University of Utah) 1971
M.S. (University of Utah) 1972

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Engineering
in the
GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA
DAVIS

Approved: ﬁ
U At‘t{/w’ & led X
...... Clank.. 2, Canveen
Ao & frcfrionr
i

Commitiee in Charge

Deposited in the University Library... ... .o

Date Librarian



ABSTRACT

An experimental study was underlaken to determine the droplet size
distribulion, the droplet spatial distribution and the mean droplet
velocily in itow—quality, steam-water flow from a rectapgular
cross—section, converging—diverging nozzle. A unique forward light
scattering leehnique was developed for droplet  size distribution
measurements. Droplet spatial variations were investigated using light
transmission measurements, and dropiet velocities were measured wilh a
laser—Doppler velocimeter (LDV) system incorporating a confocal
Fabry-Perot interferometer. Nozzle throat radius of <curvature and

height were varied to investigate their effects on droplel size.

Droplet size distribution measurements yielded a nominal Sauter
mean droplet diameter of 1.7 um and a nominal mass-mean droplet diameter
of 2.4 um. Neither the throat radius of curvature nor the throat height
were found to have a significant effect upon the nozzle exit droplet
s‘ze. The light transmission and LDV measurement results confirmed both
the droplet size measurements and demonstrated high spatial uniformity
of lhe droplet phase within the nozzle jet flow. One-dimensional
numerical calculations indicated that bolh the dynamic breakup (thermal
equilibrium based on a critical Weber number of £.0) and the boiling
breakup (thermal nonequilibrium based on average droplet temperature}
models predicted droplet diameters on  the order of 7.6 um. which are
approximately equal! Lo Lhe maximur stable droplet diameters within the

nozzle jet flow.
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NOMENCLATURE

a - upper limit distribution function (ULDF) shape parameter

combined mirror scattering and absorption

loss coefflicient

a, - Mie scattering coefficient

A - nozzle cross—sectional area

b, - Mic scatiering coefficient

© ~ speed of jight

C - intensity profile matching procedure optimization
constant

A - size distribution function normalization censtant

Cyp - droplet drag coefficient

c, — Riccati~Bessel function

d., - LDV measuring volume diameter

q* — conical nozzle throat diameter

D — droplet diumeter

Dy - laser beam diameter

Dgn — Sauter mean diameter

e - internal energy per unit mass

E — two-phase flow governing equation vector

E, E(8} — energy density

T - frequency

fla) - particle size distribution funection

F ~- Fabry-Perot interferometer (FP1) finesse

'F. o - leﬁsmrocal lcngtﬁ

&{¢) ~ angular scattering function
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G(e) ~ M:e Lheory amplitude funclion
h - enthalpy per unit mass

h(a}) - spherical aberration defocusing function

1

two-phase flow governing cquation vector

- scattered light — lens intersection radius
i(0,a,m) - Mir theory scattering function
id(o.n) - diffraction thecory scattering function
1. in - Mie scattering functious for vertical! and horizontal
polarized light
i ~ squarc root of -1
i(0) — transmitted light intensity
Iy - incident light intensity
J(0) - scattered light intensity per unit solid angle

Ji. J;(n+1/2) ~ ordinary Bessel functions of the first kind

Ri, Es - LDV incident and scattered light direclion unit vectors
X - optical constant

1 - dispersion thickness

Toy - LDV mecasuring volume length

L - nozzle lenglh

m - pariicle relalive index of refraction

my, my - vapor and tolal masses, respectively

My My ~ vapor and total flow rates, respectively

n - polytropic expansion exponent

N = total number of particles scattering light
Ny ° "7'_ particle number densily

P - saturation pressure
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TFSR

FP1 resolving power

l.egendre polynomial function

vapor mass flow rate fraclion {jualily)
monodisperse scatlering efficiency factor
mean po!vdisperse scattering efficiency flaclor
ULDF normalized width

radius

mirror reflectivity

limiting radius

nczzle throat radius

detected pulse rate from pulse generator
real part of an imaginary number

droplet Reynolds number based upon diameter
objecl dislance

image distance

exponential size disiribution shape parameter
time

mirror transmissivily

FPI light 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
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o1

am.’.’:

M
afpsg

af,, af,

Ay

1

dropict and vapor specilic volumes
Weber number
vapor mass fraction

rectangular nozzie Lthroal height

» ordinary Bessel Junction of the second kind

nozzle axial distance

parlicle size parameter

size disiribulion modal size parameter
niass-mean size parsmeter

minimun size parameter

mean particle size parameter

Sauter mean particle size parameter
maximum sizc paramcter

size distribution half width size parameters
LDV alignment angle

tight extinction coefficient

scattering angle integration limit

ULDF shape parameter

Doppler frequency shift

FP! frequency free spectral range

NDoppler frequency shift in light scattered

irom each beam of the dual beum backscatter
LDV-FPI system

LDV collection aperture included engle

seattering angle
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Y - frpht vavelength

dvinamic viscosaty

1

Legendre polynen:al functien

P =~ twa-phisse {luid mixture density
Py Py — droplet and vapor phase densilies
o - surface tension
T - 1ntegration variabie
T - Legendre pciynomial function
TR - pulse integrator response time
@ — vopsr volume fraction

~ LDV beam interscction half angle
w - solid angie

Superscript

. ~ nozzle throat

Subscripts

in — average

d - droplet phase

[ - droplet center

e - nozzle exit

FSR - FP1 free speciral range
HP ~ horizontal polarization
i . - spatial index

K - index counter
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measured vualue

m -
n - index counler

NL ~ patural light

p - partici:

v ~ vapor phase

v - vertical polarizalion

o - inlet (stagnation), incident (illuminalion) o=

reference value
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INTRODUCTION

Geothermal energy is one of Lhe currenl alternate cnergy sources to,
which considerable developmental attention is being given. Major
rescarch emphasis is being devoted to hol‘water deposits rather than dry

team sources because they constitute a mgjority of thc known geothermal
deposits and be ause dry steam sources con be utilized with conventional
steam turbine technology. The fluid for the hot waler geothermal
deposits is naturally two-phase at the wellhead unless down hole pumping
is provided. The two-phase mixture of water and water vapor also
includes various dissolved salts, gases, and other impurities
{particulate natter, scale, etc.}. In c;rtain geothcrmal fields, i. e.

the Salton Sea geothermal area of California, thes: impurities can

account for as much as 30% of Lhe lotal mass of ihe gecihermal 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 Lo a lower pressure, the different fluid phases
separated, and the vapor phase used to: drive a conventional steam
turbire. The separated liquid phase is discarded, wasting a large

fraction of the available therma) energy.

To eliminate the large amount of wasted thermal energy in the
discarded jiquid phase of the single f{lashed steam cycle, direct
expansion of lhe iwo-phase wellhead product to the condenser fluid state
ina suitable energy conversion device has been ﬁrop;sed fl] - [3].

This geothermal energy conversion method, named the fotal flow process,



would utilize the thermal energy contained in both phascs of the

two~phase fluid, resulting In greater conversjon 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. Beqause 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 wﬁere the energy density of the

working fluid is low.

One possible total {low 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 Lo 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 for this is that large droplets (> 4 um
based upon the Lheoretical predictions of reference [4]) will nat follow
the vapor streamlinea within the turbine blade passages and will collide
with the blade walls. This results in reduced momentum exchange and

liquid film pumping losses.
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Figure 1. = Engine (isentropic) efficiency and portion of liquid
captured as a funclion of droplel diameler for full admission (Figure 34
of reference [4]}.

-3~



Figure ! shows Lhe calculaled full admission engine (isentropic})
efficiency as a [functlion of droplet diameter for a particular
experimental lwo-phase total T[low impulse turbine [4]. The portion of
Lhe liquid phase that is captured by the blade walls is also she s a
funcltion of the droplet size. Experimental testing of this turbine with
a low-quaiity, steam-water mixture inlet resulted with a pesk single
admission engine (isentropic) efficiency near 23%. Numerical
.alculations based upon the two-phase [luid inlet and exhaust states
agreed with this measured cfficieney for nozzle exit droplet diameters
greater than approximatel, 2.2 um. This ?ndicated that the experimental
turbine nozzle exii droplet diamete; was greatzr than 2.2 um.
Extrapolations to full admission turbine opera.ion using this
calculational 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 aexit droplet size exisling ia the

low-quality, steam-water nozzle jet flows.

Increases in turbine efficiency with larger droplets present in the
high-velocity, lwo-phase flow can be achieved with longer chord lengih
(width) impulse turbine blades to permit increased blade spacing. The
ideal turbine efficien~y as a function of droplet diameter for several
different blade widtha is shown in Figure 2 [4]. The ideal efficiency
for the impulse blading geomelry used lor the calculation presented in

Figure 1 is shown for reference as the dashed line in Figure 2. [t can

-
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Figure 2, - |Idealized rotor performance (isentropic efficiency) as a
fupntion of droplel diameter for various blade widths (Figure 35 of
reference [4]).
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clearly be seen from this figure thal significant perfermance inecreases
can be obtained for droplet diameters < 4 um when using inrreased blade
widths, and also that the wheel efficiency in:reases approximately
linearly with a reduction in the droplet size. In view of this
infermation, a nozzle design whieh efficiently produccs droplets with
diameters < 4 um is essential for the design of a maximum efficiency

turbine.

Existing two-phase nozzle flow studies can be separated'inlo three
basic categories{ 1)} ges-particle, 2) gas—~liquid and 3) vapor-liquid
nozzle flows, The two-phase, gas—pariicle nozzle flows are the simplest
io analyze because of the fewer dominant interphuse transfer mechanisms.
Interest in this type of flow has arisen primarily because of the use of
metalized solid propellants in rockelt motors (e. g., see references
[5]-[14]). The next more complex two-phase flow type is gas—-liquid
flow., [nterest in this Lype of flow has beer due to a wide variety of
applications, e. g.. gas—iiquid jet pumps, magnetohydrodynamic power
generation, and atomization and spraying equipment (see references
[156]-[25]). The final category, vapor~liquid two—phase nozzle flow, is
the most complicated of the three categories because of thc highly
complex interphase transfer mechanisms. Studies of this type of fluid
flow have been primarily concerned with high~quality steam-water flows
such as oceur in steam turbines (e. g.., see references [26]-[33]).
However, there has also been a significant amount of ianformation
published about low—quality nozzle flows which were concerned dnly with

the performance aspects of the nozzles, 1i. e., nozzle efficiencies,



stalic pressure profiles and mass flow rales (e. g., see references

c:]-[40]).

Unfortunately, the dropl!:t phase characteristics of the low-quality
nozzle flows were not addressed in lhé previous studies. In parlicular,
no information concerning the average droplel size, the dropletl size
distribution, the droplet velocity and the droplet spatial variation
within the liquid—dominaied, two-phase nozzle flows was given. Hence,
it was determined that an experimentel program to measure these {low
characteristics was needed. The primary 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 e¢fficiencies for two—phase, steam-water

mixtures characteristic of self-pumping geothermal wells.

Measurement of the droplet phase characteristics in the
single~component, two-phase, liquid—dominated nozzle flows is difficult
because of ihe high velocilties, the small droplel diameters, the high
droplet number densities, and the complex interphase transfer
mechanisms, Conventional diagnostics, such as probing techniques,
become unacceptable because of the serious perturbalions inlroduced inlo
the ilow, or due 1o the harsh environment of the flow itself (see [41]
and [42] for reviews o! general two-phase flow insirumentalion). For
these reasons, passive measurement techniques based upon the scattering

of light'werg chosen for the nec~ssarys two-phase flow measurémean.

e



The droplet size dislribution measurement Llechnique developed in
this siudy is a mulliparlicle light scallering melhod based upon Lhe
scaltered light intensily varialion within Lhe forward scatlering lobe.
The d;oplet size distribution in Lhe nozzle flow is delermined by
malching the measured scattered light inlensily profile with a summation
of the intensily contributions of a series of appropriately spaced
narrow band size distributions. A numerical optimizalion lechnique is
used to determine the sirenglhs of the individua]‘bunds which yields Lhe
best agreement with the measured scattered light intensity profile.
Since analytical studies [43], [44] have shown that droplet diameters
< 10 um were Lo be expected and because droplet diamelers < 4 um are
required for efficient turbine operation, the size distribution
measurement method was developed for this di;meter range. T“~ technique
uses the'exact Mie scattering theory [45] because there is no simple
theoretical light scattering approximation for particles with diameters

between approximately 1.0 and 5.0 um for visible lighl wavelengths.

The spatial distribution of the droplet phase within the nozzle
flow was determined through the use of two different light iransmission
measurement arrangements. Measurements of the droplet volume fraction
across the nozzle jet was waccomplished using a light extinction
technique, coupled wilh the results of the droplet size distribution and
droplel velocity measurement results. Secondly, phcotographs of the
droplet phase spalial variution tliroughoul the complete nozzle [low was
accomplished using a pulsed ruby laser (~ 2 J in a 20 - 30 ns laser

pulse)} shadowgraph arrangement,

-8~



The droplet velocity measurement technique developed for this study
was a dual beam backscatter laser-Doppler velocimeter {LDV) arrangement
utilizing a scanning confocal Fabry-Perot interferometer (FPl) for
direct optical analysis of the Doppler frequency shift of the scattered
light. This arrangement is unique in that e reference beam signal is
not required, and the alignment ease and stability is increarud over
that of other LDV-FPI arrangements because modular optical assembly can

be readily uvtilized.

Beforo presenting the several experimental phases of this study,
some basic materinl 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-phese nozzle flow measurements. The report is concluded with a

summary of important results and conclusions.



LOW-QUALITY, TWO-PHASE NOZZLE FLOWS
GENERAL NOZZLE DESIGN OPERATING CONDITIONS

The geothermal wellhead conditions of Table | are representative of
the fluid state corresponding te the high—-temperatur -, high—-salinity
geothermal weils of the Salton Sea area of california’ [1]. The nozzle
exil pressurec was based upon the minimum sink temperature available at
the Salton Sea area on a warm summer day, thus providing a maximum
nozzle exhaust velocily for efficient use of the energy resource. This
ideal design condition provided ‘a guideline for the nozzle
experimentation, but it was not strictly followed for reasons of

experimental convenience.

Table 1 presents several u&ditfonal 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 acceleratior of the entire
two—-phase fluid within the nozzle. The low volume of the liquid phase,
when coupled with the high fluid velocity within the nozzle, allows the
characterization of the two-phase [fluid as a c¢loud 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

t - This area is a major geothermal field in the United States and has
been selected for development because thc deposits are extenaive and of
comparatively high energy.

=10=



Table 1.

- initial nozzle design conditions.

Variable Inlet Exhaust
Pressure 2.48 MPa (360 psia) 12.4 kPa (1.8 psia)
Temperature 224 C (435 F) 50 C (122 F)
Enthalpy 1.31 MJI/kg 1.03 Mi/kg

(563 Btu/lbm) (444 Btu/lbm)
Vapor volume fraction 0.84 0.99984
Vapor mass fraction 0.189 0.346
Isentropic homogeneous
exhaust velocity = ——eeme—m 742 m/s

(2436 ft/s)

Droplet number per
unit volume assuming
a mean diameter of:
10 pm ———meem 3.08 x 10%/cm®
5am mmee——e 2.45 X 105/em®
lLam memeeee— 3.06 X 10%/cm®
Droplet separation
in diameters ————nrme- 14.8
tension forces dominate the aerodynamic, buoyancy and thermal
nonequilibrium forces that tend to cause droplet deformation. However,
the spherical droplet assumption will yield celculations that are
conservative, i. ¢., deformed droplets will better interphase

coupling and

droplets remained spherical

throughout the

nozzle.

should breek into smaller droplets than would occur if the

The experimental

light scattering droplet size distribulion 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]

scattered light inten

sity patterns for

-11-
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that the angular forward

dropleis are very



simiiar to thase for spherical droplets, and that the possible errors
would indicate larger spherical droplets Lthan were actuelly present,
Thus, for thesec rcasons and because of the nozzle jet measurement
location, it is expceted that any droplet size distribution measurement
errors due to nonspherical droplets will be small and that the droplet

size measurements will be conservative.

0

A consequence of the large reiative amount of mass present in the
liquid phase is a large number of droplets per unit volume dispersed
ihroughoul the nozzle [low. This ' factor is of major importance to
scattered light measurement techniques because of light attenuation and
associated multiple scattering effects. The light attenuation is
particularly important to the accuracy of the droplet size distribution
measurements because light scattering theory is based upon single
spherical particle scattering effects. To ensure that the light
incident upon all particles within the !ight beam path is the same
(i. e., single scattering occurs) the recommendation of [32], [47] and
f48], that the light transmission of the dispersion be > 20%, was

followed. The light transmission is defined as [48]
1{0)
T = exp{-7t) (1)
o
where the extinction coefficient, vy, for a monodispersion is given by

v = Qg (MD2/4)N, 2)

Qgxy+ the scattering efficiency factor, is a function of the droplet

diameter and index of rsfraction (see Appendix A for details of the
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definition of Q,,, and its calculation), D is the droplet diameter and
Ny is the droplet number density. Figure 3 presents the scaliering

efficiency factor, Q,,,, as a function of the particle size parameter

a = (%) ’ (3)

The droplet number density of equation (2) can be written in terms of
the average vapor volume fraction, o, as

-9
¥ 7 (7D%/8)

y

(4)

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

transmission equation becomes

1(0) 3(1 - 9)Q,,,
[ = expi-l3p | ¢ (5)

o

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 nozzle exit flow as a function of tne ideal exhaust pressure
for several monodiameier dispersions (based upon one-dimensional,
isentropic homogeneous flow calculations). This graph clearly
demonstirates the strong effect of both the vapor volume fraction and the

dropiet diameter on the light transmiasien.

The vapor volume fraction, ¢, of the two-phase fluid is given by a
relationship belween ihe vapor mass fraction, X, the liquid density, p,,

and the mixture denmity, p, as

~l4-
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function of the exhaust pressure for several different
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UK. (6
(1 - ¢) = y )

from which the importance of the Lwo-phase lluid gtate upon the droplet
size disiributon measurement c¢an be seen, The vapor mass fraction of

cquatiuvn (8) is delined as
X=_ (7)

|
where m, and m, are the vapor and total messes, rcspectively, within a
stationary control volume in the flow. The two—phase mixture density in

this control volume can be expressed as

1
£ = Txu, + (1 - XJU,] (8

where U, and V4 are the vapor and liquid specifie volumes, respectively.
It must be noted that the vapor masxs fraction, X, and the vapor mass
flow rate fraction, Q, are not the same unless kinetiec equilibrium
exists between the phaszs. The vapor mass flow rate {fraclion 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

a=lr. X 0
a T DX F AT = X){ug/u, )] ¢

where m, and m; are the vapor and total m.ss [low rates, respectively.
This equation clearly indicates the effect of possible kinetic

nonequilibrium.
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DROFPLET ATOMIZATION MECHANISMS

Critical Weber Number Droplelt Alomization

The classical mechanism for droplet alomization in two-phase flows
it a mechanical rupture resulling from the aerodynamic forces acting on
the droplet to overcome ‘l.e restraining surface tension forces (see
references [50] - [55]). The ratio of the merodynemic forces to the

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

pylu, = uy)®D

. (10)

¥e =

The critical Weber number, defined as the value of the Weber number at
the onsel of breakup, must be delermined empirically. The measurement
of the critical Weber number requires a knowledge of the droplel and
vapor {or gas) properties, the droplet and vapor velocities, and the
initial droplet diameter. Critical Weber numbers for various
dropleti-ges 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-waler nozzle flow [32]. Extensive experimental studies have been
conducted by Hinze [50], Lane [61] and others to determine the criticail
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
velocily varies in time [60], [54], but the aerodynamic force - surface

tension interaction remains ithe dominani droplet hreakup mechanism.
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Critical Weber number droplel  breakup occurs in  high-velocity,
twa—phase nozzles because the droplets are unable to mainlatn kinetic
equilibrium with the aceelerating vapor phase. This velocity difference
is o maximum in the high nceeleration nozzle throst region. The maximum
stable dropiet diameler can be estimated by rearranging cquation {10}
ond inserting an empirically determined critical Weber number and -ither

a measured or calculated maximum phase veloeity difference, to oblain

D= LR ()

This method of maximum droplet diameter calculation for computer
programs has been used in references [15) end [43] for detailed
calcutations of quasi-one-dimensional, two—phase nozzle flows. The
analysis assumes that the droplets breakup te the maximum stabie
diameter, forming a monodiameter droplel disperson. Numerical results
show that the breakup occurs prinecipally in the nozzle throat region
where the flui, scceleration is & maximum. Calculations using these
me.thods demonsirate that enhanced atomization may occur with nozzle
throat designs that promote higher vaper phase accelcrations (small
throat diamelers and radii of curvature}, Thus, the importance of a
goometry dependenl nozzie calculation, as  developed by Comfort,

et. al. (48], for two~phase nozzle [low predictions is evident.
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Thermal Nonequilibrium (Boiling) Dropletl Atomization

A second droplet breaitup model that is especially applicable to
single-component, two~phuse nozzle flows is the breakup of droplets due
‘o therma! nonequilibrium boiling effects [44]. This model, named the
boiling breukup model, depends only upon the temperature difference
between the droplet interior and the vapor phase. In single—component,
lwo-phase nozzle flows, the heat transfer resistance from thc droplet
surface to the continuous vapor phase is small when compared to the
thermal resistance for conduction within the droplet 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
ihe vapor phase temperature by convection and evaporation, but there is
a lag of the internal droplet (emperature due to the finite heat
conduction rate within the droplet, The higher temperature at the
droplel center leads to boiling (cavitation) and resulting droplet

breakup.

For snall droplets the surface tension induced internal droplet
pressure can be gignificant, which tends to prevent boiling. The
maximum stable droplet diameter results when the saturation pressure
correnponding to the internal (cmperature of the droplet equals the
exiernal pressure plus the pressure due to the surface tension. This

pressure equilibrium condition can be expressed as

P(T,) = P(T,) + 4a/D (12)
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Upon breakup, the newly formed droplets will, 1n general, be of
differenl lemperatuics, depending upon the location of their origin in
the original droplet. Beesuse of  this, it becomes calculationally
convenicent to use the droplet mass averaged temperature ralher Lhan Lhe
center temperature to determine the maximum stable droplet size.

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

4a

D = [B(T,) - P(T,)] (13)

The use of equation (13) for the cualculation of the maximum stable
dropliel diameter is more fundamental than the use c¢f the critical Weber
number breakup criterion, in that it requires no empirically determined

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

The prediction of single-componeni, two-phase flow through a
converging-diverging nozzle 1is difficult because of the mass, momentum
and cnergy 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 simpiest reasonable models, the iwo-phase cqualions
of motion must be salved numerically. Presenlly available calculational

techniques are already complex, but they empleoy relatively simple models

-20-



and neglect manv two-phase flow complexities because of a lack of
experimental information, a physical understanding of the phenomena

involved and the computer speed and storage required.

Because of the specific two-phase nowuzle {low application which
prompted this study, it was decided that Lhe quasi-one-dimensional
solution technique of Comfort, et. al. [43] would be the most useful of
the existing two-phase flow solution methcds (see reference [43] for a
discussion of the applicability of the existing two-phase flow solution
techniques to totel flow impulse turbine and nozzle design work). This
solution technique is geometry dependent so that the effcets of the
nozzie throat geometry on the droplet phase characteristics ecan be
modeled. The thermal! equilibrium model (entitied 1D2FAZEQ) [43],
utjlizing a critical Weber number droplet bLreakup criterion, and the
thermal nonequilibrium mode! (entitled 1D2FAZNEQ) [44], wutilizing 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 teechnique for these two

numerical methods will be briefly discussed next.

Thermal Equjlibrium Numerieal Model (1D2FAZEQ)

The numerijcal determination of the quasi-one-dimensional, two-phase
nozzle flowficld variables requires the simulteneous solution of either
a set of coupled partial differential equations or a set of partial

differential ~quations coupled with ordinary diiferential 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 droplel, Eulerian vapor - Eulerizy
droplet, etc.) are discussed in detail by Comfort [4]. The thermal
equilibrium calculational mode | was formulated using tLhe partial
differential equalions 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 Llhe governing equations requires the solution of Llwo
continuity equations, two momentum equations, one energy equation and
one equation of slate 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 droplet velocity, uy, and droj -t

v

diameter, D.

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

and energy equations of motion are written as

2u | 2E -
st t5.tH=0 (14)
where
pA
U= pA[Xu, + (1 - X)uy] (15)

pA[X(ev + uvz/z) + (1 - X)(ey + “dz/z)]
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pA[Xu, + (1 - X)uyl
E= pA[Xu,2 + (1 = X)u,2] + PA (18)

pA[Xu, (h, + u,%/2) + (1 = X)ug(hy + uy?/2)]

H = <{-P -— (17)

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 shock wave 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 3p ,C
d v-D dP
Pa% 4§z = 4D (uy = uy)lu, - Yal T 34z (18)

where the droplet drag coefficient, Cp, fecr a singie droplet is given by

[15]

Cp = 3.271 - 0.8893(1n Re,) + 0.03417(1n Rep)?

+ 0.001443(In Rep)? (19)
which is applicable for the droplet Reynolds number range:
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0.1 < Rep < 2X 104, The effect of nearby droplets or droplet
deformalion on Lhe drag coefficienl and the effect of the virtual mass
and Bassett forces 1 the droplets have been neglected for celculational
simplicily, bul could be included if desired. Equation (1B) is
applicable to the trajeclory of =& single droplet for given initial
conditions. Because a steady—state solution is desired, the initial
conditions for altl drop]eté 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 ell droplets of the same initial

conditions, throughout problem space.

Because of the thermal equilibrium assumption, either the
continuity or the energy equation related to the droplet field can be
eliminated. Thc steady-state cortinuity equation is simpler to use and

is given as

N o A

Droplet size reduction can oceur as a result of evaporation
(equarion (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

24—



py = 8y{P) i pg = pg(P) i by = hy(P) i hy = hy(P) :

e,'= e (P) ; ey = ey(P)  (21)

and the equation ol state relations used for the Lagrangian droplet

calcuiations are
#, = 4,(P) ;i o = o(P) (22)

The saturation properties, ecquations (21) and (22), were utilized as
functions of the saturation pressure, rather than saturation
temperature, for calculational eaué. Cubic spline curve fits of these
properties, based upon the compuierized ASME steam tables [57], were
used for calculational speed (prior to the use of cubic spline curve
rits 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 Legrangian droplet
systems of =equations is used to determine the (inal steady-state

solution.

Thermal Nonequilijbrium Numerical Model (1D2FAZNEQ)

The modification of the thermal equilibrium calculational modzl to
inciude the effects of thermal nonequilibrium and boiling droplet

breakup is conceptually simple. The thermal nonequilibrium mnde}
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Input and initialization

Solve Eulerian equations with EQS
relations using MacCormack technique
to determine: '

P.au, X

Solve Lagrangian dropici momentum
and continuity equations using implicit
trapezoidal rule to determine:

D, u,
No
Converged?
Yes
Output
END
Figure 5, - Thermal equilibrium numerical solution procedure (1D2FAZEQ).

-26—



utilizes the Eulerian mixture equations‘ and the Lagrangian droplet
momentum equation (equations (14% - (19)) as in the equilibrium model,
but the droplet continuity equation, equation (20), is replaced by the

Lagrangian droplet energy equation written in finite difference form as

[44]
Dipg,i(hyy — &4 ;)
D“.l = i d.lh va d,i (23)
Pa,i+1hya = €4 14)
where
h,, = (hv|‘ + hv"+1)/2 (24)

Droplet size reduction can ocecur 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 nonequilibrium

Eulerian portion of the calculations are

py = py(P) s pg ® pg(P) 3 h, =h,(7) ; e, = e, (P} ;

hy =a Ty eqg=hy ~ P/pd (25)

and the equation of auaty relations for the Lagrangisa droplel portion

of the calculation are given by equation (22).

The system of equationa for the thermal nonequilibrium solution is
now complete except for the relations recessary to calculate the droplet

temperature, The droplet temperature is modeled using the superpositian
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of two different solutions for Lhermal conduction in a spherical
droplet. One solulion is that of a step. Llemperature change in the
droplect 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 sojution
accounts for the vapor phase temperature variation (assumed to be a
ramp) from cell to computational celli The superposition of these two
droplet conduction sojutions yields an average value for the thermal
nonequilibrium droplet temperature as a function of position within the
calculational grid. A schematic of the numerical solution process for

the thermal nonequilibrium model is shown in Figurc 8.

PREDICTED EFFECT OF NOZZLE GEOMETRY ON DROPLET PHASE CHARACTERISTICS

Nozzle Throat Geometry for Maximum Velocjty Gradient

Analytical studies of two-phase, gas-particle flows in rocket
nozzles [7] have shown that the cxpansion 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

du;,

1/2
Y. 4
dz =W [(n ¥ })R'd'} (28}

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
affects of changes in the nozzle throat radius of curvature and diameter
on the nozzle throat vclocity 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 nonequilibrium effecis. 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 [low rate requirements, but as the throat radius
of curvature becomes very small there will be a radius (depending upon
the nozzle flow inlet condilions) for which the flow is unable to !ol]ow
the nozzie wall, and boundary layer separation will occur immedialely
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 scparation point and not the actual nozzle wall
geometry, Thus, there ust be a practical limit realized for the fluid

acceleration in ihe nozzle throat region.

Numerical Nozgzle Flow Predictions

Although the validity of the computer programs described in the
previous sections has nol boen eatlablished, they are capable of
indicating the trends to be expected from nozzle geometry changes.

Therefore, to aid In planning and underatanding the experimental
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program, calculations of low-quality, two-phase nozzle [lows were
carried out. These . predictions were made specifically to investigate
the Lheoretical effect "of nozzle throat geometry on the droplet phase
characteristics for rcctangular cross~section nozzles (reclanguiar
cross—sections;were chosen to be consistant with the impulse turbine and
experimental nozzle geometries). The calculations were made using both
IN2FAZEQ and 1D2FAZNEQ for three different nozzie throet radii of
curvature (2.540 cm, 1.270 cm, and 0.318 cm radii), while the remainder
nf 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 (0.318 cm and 0.635 em). The calculations were
performed for the nozzle inlet conditions and geometries approximating
available 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). Bath 1D2FAZEQ and
ID2FAZNEQ were used for the calculations to investigate the cheanges in
the droplet phase produced by the different atomization mechanisms.
ID2FAZEQ calculations are based upon a critical Weber number droplet
oreakup criterion. Although there is no deflnitive 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 Iln nozzles.
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A, =131x10% m?
D, = 50 um
P, = 0.7 MPa {100 psia) —
u, = 532 m/s (1745 fuis)
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Figure 7. - 1D3FAZEQ predicted resultls showing Lhe dimensionless nozzle
area profile, droplel diameler, pressure and phase velocities versus
distance along the nozzle axis,
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Figure 7 presenls the 1D2FPAZEQ predicted nozzic flowfield variables
for the indicated geometry and inlet conditions. All variables are
plotied in the same [figure Lo demonstrate Lhe imporiance of the nozzle
throat geometry on the droplet phase characteristics. The nozzle throat
region is the localion where esentially all the droplei breakup occurs.
Droplets are accelerated in the diverging section of the nozzle but
fu~ther breakup is negligible. It should be noted that these
calculations are based upon the assumption of one-dimensional flow and
thus, cannoi 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.
[t can be seen that the droplet diameters predicted by 1D2FAZNEQ are of
the same order (about 15% smaller) as those predicted by 1D2FAZEQ using
a critical Weber number of €.0. A value of 1.0 for the critical Weber
number resulis 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 throai radius of
curvature (see Flgure 8 to correlate with the nozzle exit droplet
diameler). Because of the nozzle length required to expand the

steam-waler mixiure to aubaimospheric pressures (A, « 3 at 101.4 kPa
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Figure 8, - Calculated resulls using both ID2FAZEQ and ID2FAZNEQ for
demonslrating the effect of nozzle throat radius of curvalure and throat
height on the droplet diameter.
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Figure 9, - |DRFAZEQ and 1D2FAYNEQ predicted dreplet velocities at the
nozsle exil snd thrual versus the throal radius of curvalure.
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(14.7 psia) while A, = 15 at 13.8 kPa (2.0 psia)} because of the large
water vapor specific volume changes at subalmospheric pressures) and
because of the relatively small differences between the predicted nozzle
exit droplet diameters in terms of the droplet momentum considerations,
Lhe droplet velocity at the nozzle exit is nearly constant with respect
Lo 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 acce{era'ion throat region and the different nozzle lengths

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

curvalure).

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 for & simple two—component, two—phase nozzle flow).
However, the measurement of the droplet velocity, in conjunction with an
independent droplet diemeter measurement, w;ll 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
complemenl the other measurement techniques in delermiuing the nozzle
flow characteristics and the snalial 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 droplet phase characteristics 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-phase [low conditions characteristic 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 NOLZLE TEST STATION

Figures 12 and 13 present operetional 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

bypass line that connects the hot water generator directly with the
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Figure 10, - Schematic representation of the geothermal two-phase flow
tesl facilily inlerior.
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Figure 11, - Photograph of Lhe geothermal iwo-phase [low test facilily
exlerior,
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Figure 12, =~ Schematic representation (upper) and operation cycle
{lower) of the nozzle test station.
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Figure 13. - Nozzle test chamber schematic representation.
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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 measureme;ts are
included at the nozzle test station (see relerence [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 14) 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 perallel to the diagnoatic laser bobeam direction.
Figure 15 presenta the different numerical designations and geometries
for these nozzles. The nozzles were designed using the thermal
equiiibrium theoretical mode | { 1D2FAZEQ) since the thermal
noneqitilibrium model (ID2FAZNEQ) was nol available abt nozzle design

time.

Experimental Nozzle Geowelries 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 oxperimental nozzle to.simulate the total flow impulse

turbine nozzile throat geometry [4] and to provide an experimental
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Figure 14, = Pholograph of the geothermal twa-phase flow test facility
control room.
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Converging section
half angle = 45 degrees
Diverging section
half angle
~— / _ Exit
height
Throat
height Throat
radius of
0.635 cm curvature
radius

Throat radius Throat . Diverging Exit
Nozzle No. of curvature height Thz:::)ess half angle height
(cm) {cm) (deg) (cm)

17 0.635 0.440 1.750 10.0 6.53
2 0.051 0,635 0.325 17.5(10_7)” 9.53
3 0.318 0.635 0.325 1.1 9.53
4 2.540 0.635 0.325 1.2 9.53
5 0.051 0.318 0.325 17.5010. Tt 9.21
6t 0.318 0.635 1.905 111 953

TTransparent sidewalled nozzle.

TNozzle 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 16. — 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 atlow experimentation using all the‘ proposed droplet phase
diagnostics. The transparent sidewalls 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 ol nozzle number 1, as instalied in the nozzle test chamber,
is shown in Figure 18. The nozzle exhaust was conneclted 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 (iimited

to A./A‘ = 12.6 for a re ble diverg angle, length and mass [low
rate), the exil pressure for the 2.5 WPa (380 psia) inlet pressure,
18.9% inlet quality nozzie expansion I3 caiculated using I1D2FAZEQ as
57.9 kPa (8.4 psia). This relatively high pressure and the resultingly
low vapor volume I[raction, when combined with the predicted droplet
diameter of 5 um and the 1.75 cm nozzle thicknesa, yields a very low
value for Lthe light transmission. Thls eliminated the possibility of
any light scattering droplet =size measurements at the high preasure
inlel condition. However, a ID2FAZEQ calcuiation for this nozzle,
operating at an inlet pressure of 0.7 WPa (100 psia) and an inlet
quality of 29,7%, yislded an exit pressure of 14.5 kPa (2.1 pain) and a

resuiting light transmission of near 22% (the predicted droplet diameler
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I'igure 16, ~ Photograph of the transparent sidewalled nozzle number 1
instailed in the novzle test chamber,
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increased to 6.1 um at this lower pressure inlet condition) for a light
wavelength of G632.8 nm (He~Ne laser). This calculation irndicates that
lighl scatiering droplel size measuremenis should be possible al 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 Lhe 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 Ilower than that
calculated using 1DRFAZEQ (indicating much smaller than predicted
droplet diemeters), even at the lowest re;sonable inlet pressure of
344.7 kPa (50 psia) (inlet quality near 34% and exit pressure near 10.3
kPa (1.5 psia)). This completely eliminaled the possibility of light
scattering droplet size distribution measurements for this nozzle.
Also, it was found that the droplei - transparent wall impact created a
thin liquid fiim on the transparent wali that caused a greal amouni of
disturbance to the laser beam diagnostics, causing inaccurate light
tranamiasion measurementas and eliminating the laser beam focus
intergeclion necegsary for the laser-Doppler velorimeter measurements.
However, it was determined that the pulsed ruby laser shadowgraph system
would work well for this transparent nozzle arrangement, yielding

phetographs of the complete nozzle flowfield.
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The use of nozzle number | to test the different diagnostic
techniques yielded several important results. Because of the high light
=ttenuation that is characteristic of smaller than predicted droplets
exisling within Lthe nozzle flow, it was determined thalt very thin
(parallel with the laser beam direction) nozzles would be required for
the light seattering droplet size distribution and light transmission
measurements. The actual nozzle @hickness. 0.325 em (nozzle numbers 2 —
5), was chosen only after extensive consideration of both the light
transmission requirements and the calculauted effects of Lthe boundary
layer [60]' upon the nozzle flow characteristies. 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 disturbances. 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 (transmissijon << 20% in the high pressure
flow regions), These important results led to the design and
incorporation ol the experimental nozzle numbers 2 - 6 (variable nozzle
arrangements) for the droplet characteristics ~ nozzle wall contour

changes study.

.o two-phase boundary layer prediction method based upon an integral
techniquo was developed to calculate the effeets of the boundary layer
on the flov betwecn turbine blades and in nozzles, Because of the
momentum source due Lo the droplets entering a two-phase dispersed
droplet-in-vapor boundary layer, the calculated boundary layer thickness
and shear siress was essentially constant with distance along the nozzle
wail., This resulted with a much thinner boundary layer at the nozzle
exit (this is conmistant with the experimental observaticns) than would
be predicted by modeling the Lwo-phase boundary layer as a single dense
phass,
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Variable Two-Phase Nozzle

The variable nozzle {nozzle numbers 2 — B) was designed lo allow
extensive experimental flexibility. The nozzle body was designed to
readily incorporate the use of many different nozzlie wall contour
variations using replaceable nozzle walls, i. e.. Lhe throat radius of
curvature, the thrvat height and the nozzle thickness could be easily
modified using interchangeable nozzle wall contours. It was also
designed to operate both in an open jet mode (using ieial sidewalls and
enclosed within the nozzle exhaust vacuum chamber) for the light
scattering droplet size distribu’ion, the 1light transmission droplet
spatial distribution and the LDV droplet velocity measurements, and in a
closed jet mode (using transparent sidewalls with the nozzle connected
directly tv the condenser piping) lor the shadowgraph photographs.
Figure 17 is a photograph of the disassembled variable nozzle showing

the contours corresponding to the variable nozzle numbers 2 - 5.

Photographs of the open jet variable nozzle arrangement, as
installed in the nozzle test chamber, are ~resented in Figures 18 and
19. These [figures clearly indicate the complexity of the geometry
required to eontain the nozzle in a scaled vacuum chamber and still
maintain the close coupling required by the optical components. The
diffuser was necessary to cnllect the nozzie jet llow to avoid window
welting problems. However, window welting did occur during warmup and
when the nozzle was operating at off design back pressures, requiring

the wiper arrangement for removing the spray prior to any measurements.



Figure 17. - Pholograph of Lhe disassembled variable nozzle., The nozzle
wall conltours shown correspond to nozzle numbers 2 - 5.
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Figure 18, - Side view photograph of the variable nozzle open jel
arrangementl installed in the nozzle Lest chamber.
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\

Figure 19, - Top view photograph of Lhe variable
arrangement installed in the nozzle tesl 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 éxhnust chamber at atmospheric pressure
(i. e., a temperature of 100 C (212 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 connecied directly to the condenser piping to eliminate the
requirement of a vacuum in {(or windows on) the nozz!e exhaust chamber.
The nozzle thickness was chosen &t 1.91 cm to be used with the
shadowgraph flow visualization system oniy. The transparent wails were
again fabricated of 2.564 cm thick pyrex glass p’ates to preclude any
sidewall failures due to the high {(emperatures and pressures of the

two-phawe nozzle flow.
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Figure 20, - Side view of the variable transparent walled nozzle number
6 insialled ip the nozzle tesl chamber.
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LIGHT SCATTERING

DROPLET SIZE DISTRIBUTION DETERMINATION
LIGHT SCATTERING BY SPHERICAL PARTICLES

The light intensity scattered by a spherical particleY depends upon
ithe incident light intensity, wavelengih and polarization, the particle
diameter and refractive index, and the observation direction relative to
the i)lumination direction. The basic theory for the scattiering of
collimated monochromatic light by a single spherical particle in a
homogeneous medium was developed by Mie [45]. The result for the
intensity per unit solid angle of the scatirred light, J(9), as a
function of the angle from the incident direction is expressed in terms

of the Mie scattering function, i(e,a.m}, by {49]
J{e) = K i(0,a.m) (27)
where
K= (2—:)210 (28)

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 egual 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

t - A discussion of the reasons for ihe 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 appreximated 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 Mie scattering function, i(8,a.m}, and its calculation is presented

in Acuendix 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 monodismeter particles using superposition to obtain [48]
J(e) =K N i(e,a,m) (29)

where N is the number of particles scattering light. This equation is
spplicable for a monodispersion provided that the light incident upon
all particles has not been aignificantly ailtered by the scattering
effects of the other particles, i. e., single scattering occurs. The
topic of monodisperze particle siwing is discussed in detail in

references [49], [81] - [63].

The light scatiered from a dispersion containing particies of many
different sizes can be determined by the auperpositicn ol the scattering
offeeis of each particle in & manner similar o Lhe monodisperse
particle sizing roprosented by equation (29). By defining a particle
size dialributjon function, f{a), a=

o
f f(a)da = N (30)
]

the scatlered lighl intenmily variation cnused by a polydisperaion is



given by [61]

ie) = Kf i(8,a,m)f(a)da (31)
[+]

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 Wavel!ength

In principle, the scattered light intensity variation can be used
1o determine the particle size distribution which produced this
variakion., Many different invesiigators have studied this problem for
both large and sma!l particle polydispersions. For large particle
polydisperaions (a *» 20) and small scattering angles (6 & sin 68), the
Mie scattering function, i(¢,a,m), can be replaced by the much simpler
diffraction theory smcattering function, i (#.a}, [49]

cJ,(u.)]2
— (32)

i‘(l.a) = [ r

for the polydisperse scaltlered light intensity distribution given by
equation (31), Analytical inversion of Lhe resulting equation to obtain
an explicit relationship between the particle gize distribution
function, f(a), and the scattered light intenaity variation yields [64],

[ss)
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2 o0
t(a)z—zn(g.’_'} f E%[’:’_':(ﬂ](%).l\(aﬂ)\"(ao)de (33)
o (4]

Descriptions of the basic large particle polydispersion size
distrib'tion inversion technique end several variations and applications
are given in references [32] 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 droplels 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 Llight 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] - [78]). These methods
generally require an a priori assumption of Lhe form of the size
distribution function, with the experimental data providing the
information neceasary to determine the distribution function shape
paramoters, Also, the distribution functions must be monomodal and of
narrow width, otherwise the characleriatic patterns in the light
jcattering curves will be masked by Lhe superposition of the patterns
characteristic to each of the differ'nt sizes, The experimental
complexily (large angular and/or many wavelength variattons arve

required) in combination with the aforementlioned restrictions limited
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the usefulness of Lthese size distribution inversion techniques for the

complex nozzle flow conditions.

Because of the gecomelrical consiraints imposed by the nozzle
exhaust chamber (only small angl'c mcasurements could be reasonably
obtained) and the small diameter droplets ‘produccd by the two-phase
nozzles, it was found thalt no existing method for size distribution
determination could be used. Because of this, a modified optical
arrangement was devised and a new procedure was developed for evalualing
the particle size distribution using t(he measured scattered light
intensily profile. This new method us:s the exact Mie theory in order

to be applicable to the small spherical particle range of interest.
PARTICLE SIZE DISTRIBUTION INVERSION METHOD

The pumerical inversion of equation (31), a Fredholm integral
equation of the first kind, for the size distribution function, f(a),
has been studied by several wmuthers (c.g.. sce references [78] - [82]).
The inversion techniques of Phillips [79] and Hanson [B0] require small
Aa steps  (consisient with the numerical integration quadrature formula
used) and values of tho scatlered lighl intensity at relatively large
forward scallering anglos in order to obtain an accurate result for the
inverted size distribution function, f{a). These Llechniques are
relalively inscnsitive 1o groupr of small parlicles with comparatively
broad size distributions and require high accuracy in the scatiered
Jight intensity measurements. These requiremenis involve undesireably

long computer run times and greater oxperimenta] complexities for the
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nozzle jet flow measuremenis. The sialistical inversion method of
Turchin, et. al. [81], as studied in detail by Shifrin, et. al. [82],
was of limited value because of its complexity and ils insensitivity to

the amall particle range {(a < B) 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 thal a conceplually simple inversion method
basad upon scaltered light intensity profile matching could be
developed. This inversion process is accomplished by representing the
measured scattered light intensity profile by a summation of
conlributions from the intensitiez produced by a series of arbitrarily
shaped and suitably spaced narrow individual parvicle size distribution
functions. That is, the measured scatlered light intensity, J (0). is
expresszed as

n

Jg(8) = kZ Cidil0) (34)
=]

in Whiiz‘ the J {#) are the intensities calculated Irom an appropriately
spaced series of narrow band particle size distributions, and the C,"s
are conslanls which delermines the contribution of each individual
distribulion, The constants, C,. arc determined by a minimization of

the sum of aquared error belween the measured intensity profile and the

calculated intensity profile using the numerical optimization technique
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of Powell [83]. FEach of the individual intensity profiles, J,(8), are
calculated using equation (3!) as
o0
I, (e) =K f i(6,a,m)f, (a)da (35)
o
The individual size distribution functions, fk(a). and their spacing
must be specified appropriately to approximate the size distribution
function to be determined. [n the limit as n - in equation (34) and
as the individual size distribution functions of equation (35) become
delta functions, equation (34) simply reduces to the integral eguation

(31).

The measured scattered light intensity represented by equation
(34), when combined with equation (35), yields
oo n
I, (8) =K f i(6,a.m) ¥ €1, (a)da (36)
[ k=1
The measured light intensity can also be expressed in terms of the size
distribution function of the polydispersion, f_{a), as
(=]
Ia(8) =K f i(e,a,m)t (a)da (37)
[
By e direct comparison of equations (36) and (37), the measured size

distribution function, f_(a), becomes
n
fala) = Z Cyty(a) (38}
k=1

Thus, by the optimized reconstruclion of the measured scattered light
intensity profile, J_(8), from a sories of individual narrow band

intensitly preofiles, J,(o). (calculated using the specified size
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distribution functions, f,(a)) the size distribution function of the
polydispersion, [ _(a), can be delermined using equation (38). Examplc
calculations and experimental measirements using this inversion method

are presented in the following =ect.ons.

Theoretical Verilication of Proposed Size Distribution I[nversion Methad

Several numerical experiments were performed to investigate the
applicability of the scattered light intensity profile matching
procedure for the inversion of particle size distribution functirns.
The numerical experiments included example inversions of three different
size distribution funetions; 1) a narrow monomodal size distributfon. 2)
a broad monomodal 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.
Calculetions were performed for which a monomodal size distribution
function was apecified, a scattered light intensity profile was
calculated with equation (31) using this size distribution function and
the Mie scattering function (the numerical quadrature used was Simpson’s
1/3 rule), and then the optimization technique was applied to determine
ihe astrengiths of the =series of assumed narrow band size distributions.
Any arbitrarily shaped f{unction could conceivably be used to form Lhe
series ol parrow band wmize distribution [functions, However, it was
found that ameoth functions provided the most accurate size distrikatian

function inversions,
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The process for determi;ing an appropriate group of narrow band
size dislribution functions is basically an iterative one. The first
step is to calculate scaltered light intensity profiles for several
assumed mon~modal size dislribution functions. Comparison 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 1is then chosen, and the true
inlensity profile reconstructed with the optimization procedure. If
acceptable agreement between the optimized and the true intensily
profiles is not obtained after this reconstruction, the series of narrow
band size distribution functions must be modified. Continuation of Lhis
pracedure leads to 8 final series of narrow band size distributions
which, when their respeclive intensity disiributions are combined using
the optimizalion procedure, yields acceptable agreement with the known

intensity sistribution.

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 dislribution funclion, irrespective of
the injtial solution guess (an initial guess for Lhe Cy’s is required to
start the optimization procedure). It was also determined that
conalraints has to be applied to the optimization calculalion to
preclude any large negative Ck's thalt could result in negative values
for f.{a), Similar resulls should be possible for large particle

polydispersions, bul duc 1o the increased calculational time required
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for the Mie scallering functions, the oplimization technique becomes
inefficient and &n inversion mclhod based upon diffraction theory would

be better utilized.

Narrow Monomodal Particle Size Discrtbuiion Function Inversion - To

i

demonstrate the iteralive process required for the determination of Lhe
series of narrow band distribution functions, a nurrow monomodal size
distribution function was chosen and its related scattered 1ight
intensity profile calculated using equation (31). The monomodal size
distribution function wes f{ormed wusing the upper limit distribution
function (ULDF), given by the equation [47], [84]

¢’ exp(—{ & In[ea/(a, - a)]}?)

f(a) = (39)

a‘(am - a)

where C° is defined for normalization such that?

(o]

f f{a)da - 1 (40)

o
The shape of a given ULDF is difficult Lo specify using the shape
parameters a and & of equation (39) because of their geometrically
indirect interpretations. Because of this, it is more useful to
elirinate them in favor of two other variables with more direct
geometrical interpretations. Two such variables are the modal size

parameter, &, and the normalized s:ize distribution width, QULDP'

* - 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 scatlering integra) equation, equation (31),
is equivalont 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 funciion as a41/2 and ayyzs respectively, the normalized

function width, Qy,pr. is defined as
Qor = {4172 = 0_142)/a (41)

Solving equation (39) for the modal size paramecter, &, yields the shape
parameter, a, in terms of the shape parameter, &, the normalized half

width, QULDF‘ and the half peak size parameters, LYPY
a = (o, /& = 1) exp[{1/62)(2.58/a, - 2)] (a2)

The ‘unction half width size parameters, &,y g+ @re related to the shape
parameters, a and 8, by the transcendental equation

(a,),2/8) ey, - 0,y /2)/ (e, = &) - 2 exp[-62({ In[aa,, 2/ (a, - a,,,) ]}

- { n[ad/(a, - a)1}2)] =0 (43)

Thus, by the specification of the normalized function width, AypLpr. the

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

oot

shape parameters a and 6 and the resulting size distribution function

curve can bc 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 &= 7.5, Qupp = 1.0 and a, = 20. Using the
light intensity profile calculnted 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 size distribution function inversion
process. To find the modal =size paramcter range of interest for the
inversion process, scveral size distribution funclions were assumed and
their intensity profiles calculated. Two of these intensity profiles
(upper and lower curves) are presented in Figure 2}, along with the
intensity profile calculated for the narrow monomodal! ULDF (eenter
curve) for comparison. All profiles have been normalized to 1.0 at
6 = 0 degrees for this compaerison. The scattered light intensity
profiles for Lhe assumed distribution functions were calculaled using

exponential size distribution functions given by [81]
fla) = C* (a ~ a,) exp{-[(a - uo)/S:]a} (44}

for a > a,. The normalization constant C’ is determined using equation

(40}, and the shape parameter, S, is defined by
S = (& - a,)3!/? {45)

The exponential size distribution funclions were chosen for their
smoathness and because of the simplicity in specifying both the modal
size and the amount of overliep between successive functions for use in

the series of narrow band size distribution functions.

The upper intensily profile of Figure 21 was calculated usine an
exponential size distribution function with & = 5 and a, = 1679, and the
lower iniensity profile was calculaled using an exponential distribution
funclion with a = 156 and a, = 10, It can be seen that the modal size

parameier of Lhe lower intensity profile is larger than that of the
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Exponential size
distribution

intensity profile
(& = 15.0)

Index of refraction = 1.33
Narrow monomodal

ULDF intensity profile

101 (o= 7.5)

Exponential zize ]
distributiun

Normalized scattered light intensity, J(9)/J(0)

B intensity profile
- (&= 15.0) -
L | 1 | 1 | 1 | 1 |
0 3 [} 9 12 15
Scattering angle, 0 {degrees)
Figure 21, - Normaslized scattered light intensity profile calculated

using Lhe narrow mouamodal size distribution funcltion {(center curve)
compared with the normalized intensity profiles calculated using iwo
different exponential monomodal size distribution functions {top and
bottum curves),
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narrow manomadal ULDF. This i beeasuse the larger the particles, the
higher the intensity gradient, di{e)/deo, at  small angles, and
conversely, Similarly, it can be seen that the slope of the upper
intensity profile is less than that of the intensity profile culculated
for the narrow menomodal ULDF. These comparisons indicate thal the

modal size parameter of the monomodal ULDF is greater than & = 5 bul

less than a = 15, From taese comparisons, the series of narrow band
size distribution funetions of Figure 22. were chosen. The narrow
monomodal ULDF is also shown in Figure 22. The five narrow band

distribution functions were chosen to completely span the approximate
range of particle sizes indicated by the true scattered light intensity
distribution 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 inpul scattered lighl intensity profile
calculated using the monomodal ULDF and the resulting optimization
reconsiructed seattered light intensity proflile using the narrow band
size distribution funclions shuwn in Figure 22, The optimization
procedure was used Lto match Lthe true intensity profile at 0.5 degree
intervals for this calculation. The scattering angle range, | - 14
degrees, was chosen to be consistant with Lthe experimental capability.
However, calculations indicale thal a scaltering angle range as small as
} -~ & degrees cen be used to oblain good size distribution inversion

accuracy for this particle sjze spectrum, The agreement between Lhe two
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curves 1s excellent and cun be used as s measure

distribution aavers.er . Cruracy,

Figure 24 presents the narrow monomodal ULDF, the

of the size

inverted saize

distribution function and their respective calculated muss fracttons

{the determination of which is very important for impulse

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

a
f a?f(a)da
o

mass fraction = ———————-—o

f a?f(a)da

o

Also presented in this figure are data comparing the mean

parameters, the Ssuter mean particle size parameters and

turbine blade

equation

(46)

particle size

the mass-mean

particle size parameters of the monomodal! ULDF and the inverted particle

s1ze distribution {unetions. The mean parlicle size

detined as

om
j af(alda

Sy *F T T
a0
f fia)da
a

#nd the Jauter moun particle size parametoer is given by

-7

parameter is

(47)
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f nuf{ a)da
0

agy = (48)

f a®f(a)da
[

The mass-mean particle size parameter, o, 1s defined such that

f mmaﬂf(n)dn
«

]

o0
f a?t(a)da

o

= 0.5 (49)

From these camparisons, the accuracy and uniqueness of the coustrained

optimization size distribution inversior method can be seen.

It the nput narrow monomodal ULDF and th2 reconstructed scattered
light intensaty profiles of Figure 23 had been significantly different,
the size distribution inversion accurscy would have beon poor and a
different set of narrow huand distribution functions would have been
necessary (hased upon the resulis of the first set) to provide a better
inversion aceypacy, This ilerative process for the determination of the
uarrow hand size distribution functions must be continued until the
reconstrucled scatiered light intensity profile mateles the true
intensity profile within acceptable accuracy limils, The iteration
procedure ysed to obtain the series of narrow band size distribution
functions generally converges within one or two different series

SANUMPL ions,
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Brond Monomodal Particle Size Distribution Funetion Inversion - To

further verily the usefulness wsnd accuracy of the narrow band size
distribution inversion method, a broad monomoda ! particle size
distribution was chosen aond iltls related scaltered light intensity
patlern was calculated to be uscd us though it were experimental data.
The particle si%e distribution was formed by using a ULDF wilh a = 22,

Qupr = 0.75 and a, = 50.

The inversion of Lhis distribution function follows the same
process as Lhat which was used for Lhe narrow particle size distribution
function inversion. The scattered light intensity profiles for several
different assumed particle size distributions were calculated and
compared with the intensily profile calculated using the broad monomodal
size distribulion. This comparison  was made to determine the
appropriate range in the modal siz. parameter that must be covered by
the narrow band size disiribution functions. Based tnpon this
comparison, the series of narrow band size distribution functions shown
in Figure 2% was chosen. The broad monomodal size distribution function

i also shoewn in this figure for comparison.

The intensity prolile calculated using the broad monomedal size
distribution and the intenaity profile resulting from the narrow band
wize disiribution oplimization process {intensily profiles matched at
0.5 degree inlervala) is shown in Figure 26. The scaltering angle
range, 1 = 10 degrees, was chosen to be consistant wiln the experimental

capability, From the agreement between these intensity profiles it

= -



t l L J I l T ’ T ’ T
Narrow band size distribution functions

0.16 [~
— = == Broad monomodal ULDF

0.14 -

012

00—

0.08 [

0.06 H 4

Particle size distribution function, f{a)

0.04

_ \ /‘ ]

| O

1A

0 10 2 50 60
Particle size parameter,

Pigure 23, - Narrow band and broad monomedal size distribution

funpctions,



. ™N -
105~ A 4
¥ B 4
= | J
=
o
c
3
E N _
5
k]
@ s Broad monomodal <
5 ULDF intensity
2 profile
=3
-;!: ~= =« Reconstructed intensity
-4 profile
10t} ) ~
L Index of refraction = 1,33 .

" 1
i |
[l J L l e ' ' J. L
0 2 4 ] 8 10

Scattering angle, ¢ (degroes)

Figuro 26, - |Inpul  hroad monomadal and narrow band reconstrucled size
distribuiion scattered Jignt intensity profile comparison.

~78-



L l L) I L T I T " T
0.06 — i
)
Z L 1.0
3
2 i J
5 c
T 0.04 [ — —osg 28
(o] Q
8 2
E - \ 1 £
E £
R - -— —06 E
hel [
3 T
S o N .E
2 a
j3]
= Q. —0.4
£ 002~
ay =22.35
- ag, =26.75 ~102
| O = 27.28 1
0 i l A I $ - I 1
0 10 20 30 40 50 60

Particle size parameter, o

Praure 27, lnverted broad monomodal

mass fracttion profile.

stze distribution Tunelion ana 1 la



appears that there s good accuracy in the particle size distribution
inversion. However, the inverted size distribution furiction and the
resulting mass fraétion. 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 aiso shown in the figure for
comparison. The narrow band size distribution funetions were broadened
te allow more smoothing of the inverted size distribution function and

to utilize fewer functions for the intensity profile matehing process.

The intensity profile calculated using the broad monomodal size
distribution and the intensity profile resulting from the optimization
process using the second assumed serie; of narrow band size
distributions is shown in Figure 29. The agreement is such that the two
intensity profiles are nearly identical. This 1indicates 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 moncmodal 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 thal 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

size distribulion 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
accompl ished to more fully demonstrate the applicability of this method.
The bimodal size distribulion function was formed by the addition of a
ULDF with a = 5, QULDF = 1.0 and o, = 50 to a second ULDF with & = 25,
QyLpr = 0.5 and a, = 50. The 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 jor comparison. The
narrow band size distribution funclions were chosen in a manner similar
to that which was used previously for the monomodal size distribution

function inversions. The scattered light intensity profile for the
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bimodal size distribution function was calculated using equation (31) to
be used as though it were experimental data. Then, the scattered light
inlensity 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

digtribution functions.

Figure 32 presents the scattered light intensity profile calculated
using the bimodal size distribution function and the resulting
optimization reconstructed scattered 1light intensity profile using the
narrow band size distribution functions. The optimization procedure was
used to match the true intensity profile at 0.5 degree inteivals for
this reconstruction. The scattering angle range, 1 - 14 degrees, was
chosen to be consistant with the experimental capability. 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 acecuracy 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 capebility for multimodal size
distribution function inversions is veri importent 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 MEASURELENT SYSTEM

Optical System Arrangement

The purpose of the experimental light scettering system was to
measure the scattered light intensity, J (8), 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 ihe 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 18 and 19, respectively. A photograph of the
scattered light collecting lens and calibrated film 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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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 inslalled’;al the nozzle test chamber.




the installation and operation of the oplical system for the Lwo—phase

nozzle [low experimenls.

As seen in Figures 34 - 38, the scattered 1light inlensity
measurement is based upon the use of a calibrated film for the scattered
iight detection. This provides a very simple arrangement for
experimentally obtaining high spatial (anéuiar) resolution scatlered
light informalion, bul it requires a complex data snalysis procedure. A
discussion of the film calibration and the date analysis procedure is

presented in Appendix C.

As shown in Figufe 34, the light from a He-Ne laser {laser output
power of 5 mW of horizontally polarized light at X = 632.8 nm) is
shuttered and attenuated (using crossed p;larizers to allow variable
attenuation) appropriately for the film sensitivity and apertured to
eliminate the scattered light 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 1ight scattered from the droplets in the flow is collected
with a lens combination and directed to the film plane located at the
facal length, The collecting lens system for the nozzle jet flow
measurements was designed after the arrangement used by Chin,
et. al. [64]. However, modification was necessary to eliminate

spherical aberraticn problems that are encountered for larger scattering

"' _ 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 aberralion problems were
essentinlly etiminnted by using & combination of two 7 cm diameler,
80 cm focal length plano-convex lenses in series to form an c¢ffective
30 em focal lengtu systcm, This lens system was localcq approximately
10 cm from the nozzie jet flow and apertured lé 5.1 em in diemeter to
allow a near 14 degree colleetion half angle. A diseussion of the lens

system design considerations is presented in Appendix D.

Each individual piece of film was calibrated to ensure high
measurement aceuracy because of possible variations in the emulsions 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 erergy {see Appendix C). The porlion 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 wused directly in the droplet size
distribution inversion procedure unless the absolute number of draplets
traversed by the light beam need be known (see Appendix D). In this

way, the inverted size ‘distribution functicn will be identical lo-lhe
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absolule size distribution function, except for the difference of a

constant multiplier.

The scattered light inlensily measurements were corrected for
extraneous scatlered light (e. g., due to optical components, jet flow
sprey, optical winows, elc.) by subtracting the measured extraneous
scaltered light intensity profile froﬁ the measured nozzle jet [low
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 Arrengement and Data Determination Procedure

An experimental verification of the optical arrangcment 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 um. The
polypolydispersion was continually agitated using a magnetic stirring

arrangement to maintain constant glass bead dispersion uniformity.

The scatlered 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 particle
diameter and the broad particle size distribution, the size distribulion

function was determined using the large particle inversion method (see

-93-



140 T Li T L4 I T T T T l T T T T I T v T T T T T T
120~ [_ —
- Photomicrographic particle -1
3 count histogram
=
g 100 - —
5 =
= L 7 \1 ) ]
= / Large part(g:;e
c . -
5 inversion
t B8O y ap transmission) -
£ /
:‘g | / == == == Large particle .
© / inversion {21%
N / transmission)
o 60 -
2 /
g | / i
el
5 Il
g 40— -~
(=3
=z
20 —
ol | ;:;;;;::;::T:J=.*,J
0 10 20 30 40 [34]
Particle size parameter, o
Figure 37. — Comparison of the size distribution functions obtained

using the large parlicle ‘nversion technique with a photomicrographic
parlicle counl for a glass beads—iu-water polydispersion.

—94-



equation (33) and Appendix B). The inverted particle size distributions
obtained for light transmissions of 35% .and 21% are compared to a
photomicrographic particle count (~ 700 particles counted) in Figure 37.
The light transmission of the dispersion was maintained > 20% to ensure
dominant single scettering 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 NWozzle Numbers 2 — 4

Light scattering measurements were made using nozzle numbers 2 ~ 4
to determine the effect of the nnzzle throat radius of curvature on the
droplet size distribution in the high-velocity uozzle jet flow. In
order to obtain the > 20% 1light transmission required for the light
scottering measurements, the nozzles were operated at inlet pressures of
0.7 MPa (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 1.168 MI/kg (500 Btu/lbm) for experimental

convenience and to be consistant with geothermal wellhead conditions.
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Light scattering data was taken al the nozzle jet cen'erline and at a
position loeated 2.4 em vertically from the jet renterline to determine
any droplet size distribution changes occurring between thesc spatial
locaticns. The axial measurement location was approximately 1.0 em from
the nozzle exit for all light scattering mecasurements,

'

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 messured scattered light
intensity profiles for inlet and exhesust pressures near 1.0 MPa
(150 psia) and 20.7 kPa (3.0 psia), respectively, are shown in
Figure 33. For each different nozzle, the wupper intensity profile
corresponds to the nozzle jet centerline measurement position, and the
lower inlensity profile was determined at a position located 2.4 em
verlically 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 38 that the scattered light intensity
profiles indicate that as the nozzle throat radius of curvature
increases, the droplet size in the nozzle, jet flow also .increases... This

can be seen by comparing the slopes of the intensity profiles at small
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Figure 38. — Measured relative scattered light intensity profiles for
nozzle numbers 2 - 4. The nozzle operating conditions (inlet pressures
near 0.7 MPa (100 psia) and exhaust pressures near 13.8 kPa (2.0 psia})
corresponding to the different scatlered light intensity proliles are

.. listed..in Table 2. .
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Figure 38, - 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
listed in Table 2.
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Table 2., — Nozzle operating conditions corresponding to the
scattered light intensity profiles of Figures 38 and 38.

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

1 (2) 0.75 (109) 1.17 (501) 15.2 (2.2) 0.31
2 (2) 0.70 (102) 1.16 (488) 15.2 (2.2) 0.29
3 (3) 0.80 (116) 1.21 (518) 16.5 (2.4) 0.30
4 (3) 0.74 (108) 1,17 (503) 13.1 (1.9) 0.35
5 (4) 0.70 (102) 1.14 (489) 14.5 (2.1) 0.27
6 (4) 0.77 (111)  1.15 (454) 14.5 (2.1) 0.32
7 (2) 1.04 (151) 1.17 (501) 17.9 (2.8) 0.19
8 (2) 1.03 (150) 1.19 (510) 22.8 (3.3) 0.20
9 (3) 1.05 (153) 1.17 (504) 22.1 (3.2) 0.20
10 (3) 1.05 (152) 1.20 (516) 21.4 (3.1) 0.22
11 (4) 1.08 (156) 1.16 (499) . 20.0 (2.9) 0.20
12 (4) 1.13 (164) 1.17 (504) 5.3 (2.8) 0.22

angles. However, the intensity profiles shown in Figure 39 do not show
this same trznd. This indicates that the droplet size changes due to
nozzle throat contour modifications ere 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 Lh}s trend for the range of

nozzle conditions studied.

The inversion of the nozzle jet flow droplet size distribution
functions from the scattered 1light intensity profiles were accomp!lished
in a manner similar to that described previously for the theoretical
size distribution inversions.” The scaitered Tighi 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 O td nearly 60 to include all the possible

droplet diamelers that were indicated by the measured intensity

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 size
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 {48)) 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 paremeters 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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of the droplet size distributions, the broadness of the droplet size
distribulions and the degree of approximation afforded by the series of
narrow band size distribulion funclions. Further refinements in the
series of narrow band size distribution functions could eliminate Lhe
waviness in the droplet mass fraction profiles, but the droplet size
dislribution, thke average droplet diameters and the average mass
fraction profiles would change veiy littie.

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,x Parameter,a;, Parameter,a;, Parameter,a,

L (2) 2.4 2.9 7.1 10.3
3 (3} 2.4 2.9 8.1 12.1
5 (4) 2.4 3.2 10.2 14.7
7 (R) 2.4 3.3 8.7 11.9
9 (3) 2.4 2.9 7.4 11.3
11 (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 Lhat chang;s in droplet size due to nozzle throat
radius of curvature changes are small, and that the accuracy of the
experimental measurements was not sufficienti to detect thrse small

changes. The largest errors involved were those associated with the
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nozzle exhaust chamber window and jet spray extiraneous scattering. An
estimate of the lotal error involved in these measurementc irndicated
that an accuracy of belter than :20% (0.4 um for a 2.0 um diameter
droplet) could be expeclted for this small droplet diameter regime.
Since the predicted droplet size change with changes in nozzle ihroat
geometry was on the order of 15% (see Figure 8), the experimental error

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

Interestingly, the droplet size distributions have modal diameters
near 0.5 um, but the Sauter mean dismeters are near 1.7 um and the
mass—median droplet diameters are near 2.4 um. 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 um) can be associated with the core flow
region of the nozzle jet, while the larger droplets may be generated by
the boundary layer ~ 1liquid film shearing action occurring along the
nozzle walls and particularly near the nozzle throat (see references
[71] and [B85] for similar conclusions concerning itwo-phase nozzle

flows).

Measurements of the droplet size distribution in nozzles with small
jet widths as used for this work are likely to produce information that
is biased towards large droplet sizes because the nozzle wall boundary

effects are much mo: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 Lo 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 Mi/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 avercome this limitation, variable nozzle number 5 (AE/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
t.16 Mi/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 Lhe nozzle inlet enthalpy and preésure would be difficuit to
conlrol. This was mainly because at the very low mass flow rale
involved (A* = 0.103 cm? (6.016 in?)), the heat trensfer from the
two—-phase test facility piping was significant. Also, at the exhaust
pressures expected for ideal nozzle expensions, 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 identicalt, 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.

t - A plot of log P/P, 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 LLL.
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Thus, it was concluded that flow separalion 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 1light 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 light transmission near 20%.
Scatlersd 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 light 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
small for the variations tested. The determination of these small
changes in the size distribution function is limited 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 experimental accuracy could allow small changes in the size

distribution function to be resolved. Further effort to eliminate the
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shown 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 486,

Inlet Inlet Exhaust Light
Profile No. Pressure, Enthalpy, Pressure, Transmission
(Nozzle No.) MPa (psia) MJI/kg (Btu/lbm) kPa (psia) (» = 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 (118) 1.21 (518) 16.6 (2.4) 0.30

flow separation to allow lower exhaust pressures (higher irlet

pressures) was deemed unwarranted.

COMPARISON OF MEASURED WITH PREDICTED DROPLET SIZES

The predicted nozzle exit droplet diameter variation as a functicn
of the throat radius of curvature for an inlet pressure of 0.7 MPa
(100 psia) and an inlet enthalpy of 1.18 MJ/kg (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 2). It can .be seen that the predicted droplet
diameters using either the thermal equilibrium dynamic breakup
(We = 6.0) or the thermal nonequilibrium boiling breakup (average
droplet temperature) model are approximately a factor of 3 greater
(predicted diameters near 7.5 am) than the measured nominal mass—mean
droplet diameter. These predlction 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 cccurrance 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] —~ [898]). Since Figures 43 and 44
indicale that about a 7% mass fraction of droplets as large as 10 um in
diameter existed within the nozzle jet [low, it appecars that Lhe breakup
models employed predict approximately the maximum steble droplet

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
Lhe 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 natura! 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 nonequilibrium model, would be to
account for a finite mass transfer rate between the phases [80]. 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 8, 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, tLhough 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 nonequilibrium 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 situationf.

T - The surface 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 different experimental optical arrangements were used to
determine the spatial distribution characteristics of the droplet phasec
within the low-quality, two-phase ndzzle 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
polydispersion. The first method employed a photosensor for a point by
point measurement of the 1light 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 withoul concern for either the

transparent wall — liquid fiilm or the amount of light extinction.
POLYDISPERSE LIGHT TRANSMISSION ANALYSIS

A theoretical analysis of the light transmitted through a
polydispersion 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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polydispersion results with the light transmission equation as {857,

[o1]

1(0) 3(1 - )R,
= exp$—[————§E§;__££] i (50)

where the average scattering efficiency factor, 6 is defined as

ext’

[e o]
f Qextazf(a)da

Qeye = (51)
f a®f(a)da

and the Sauter mean diameter, Dy, is defined according to equation (48)
(agp = wDaz/X). As stated for the fight 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 given by equation (51) and the monodisperse scattering

ext’®
efficiency factor, Q.. ., as a function of the Sauter mean particle size
parameter, ag,, is shown in Figure 47 (agz, = a for a monodispersion).
The polydisperse calculations were hade 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 wavelenglh, the }average scattering efficiency

factor can be approximated without a knowledge of the size distribution

function. For the case of small parlicles (az; < 4), Q.,, and Q,,, are
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essentially equal. When the particles are large (a > 10), aext can be
approximated by a linear or consiant funcltion for reasonable size
parameter ranges. However, when the polydispersion is comprised of
particles with sizes between these extremes, no simple means for
determining {or approximating) aexl exists without a knowiedge of the

particle size distribution function.

The application of equation {50) to light transmission measurements
in a constant thickness pclydispersion results with the vapor volume

fraction, ¢, the average scattering efficiency factor, Q and the

ext?®
Sauter mean particle diameter, Dg,, as unknowns. Light transmission
measurements at two different light wavelengths can determine both the
vapor volume fraction, ¢, and the mean specific particle cross—section,
aext/DSZ‘ I[f 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 (ay, < 4). aext and Q_,; are essentially 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 yield
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 particie size
distribution is multimodal [92]. Further information concerning droplet

size and concentration measurements using light exlinction methods is

given by references [93] - [97].
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EXPERIMENTAL DROPLET PHASE SPATIAL DISTRIBUTION MEASUREMENT APPARATUS

Light Transmission Experimental Arrangement

|
The experimental apparatus used for the light transmission

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 em 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 [98]. 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-quality, dispersed droplet—in-vapor
flows of interest, the use of this optical arrangement provides a
cont inuous measurement of the light transmission characteristics of the

flow.

The shadowgraph arrangemeni  used for this work is shown
schematically in Figure 49. The Llight from a pulsed ruby laser
(» = 694.3 nm) is expended 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
bleachabié 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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transmission through the low-pressure nozzle jel flow region. The use
of two or more different wavelenglhs in this manner could yield a
continuous record of the vapor volume fraction and the mean specific

droplet cross—section wilhin a two~phase nozile jel 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 geomeiry. 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

t- Light transmission measurements were obtained at the nozzle jet flow
centerline using the light wavelengths of the He-Ne (A = 632.8 nm) and
the argon (A = 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 jel flows were obtained using an

argon laser oscillating at a wavelength of 514.5 nm.

Figure 51 presenis Lhe measured light transmission variation in the
nozzle jet flow as a function of Lhe vertical distance from lhe flow
centerline. These measurements were determined in the two—phase nozzle
jet flows at a near constant inlet enthalpy of 1.16 MI/kg (500 Biu/1bm)
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 §.
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 involved in these
measurements indicated that an accuracy of better than +10% could be

expected.

Figure 51 also indicates that there are no measureable 1light
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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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 tb the
light transmission measurcments shown in Figure 51.

inlet inlet Exheust

Symbol No. Pressure, Enthaipy, Pressure,

(Nozzle No.) MPa (psia) MI/kg (Btu/lbm) kPa (psia}
1 (2) 0.68 (99) 1.15 (494) 17.2 (2.5)
2 (3) 0.86. (96) 1.15 (492) 13.8 (2.0)
3 (4) 0.71 (103) 1.13 (485) 13.8 (2.0)
4 (3) 1.08 (158) 1.17 (503) 19.3 (2.8)
5 (4) 0.97 (141) 1.14 (491) 20.7 (3.0)
8 (3) 1.38 (197) 1.18 (508) 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 iransmission for a constant thickness
polydispersion is a function of the variables: (1 - W)aext/DSZ' Thus,
assuming that the mean specific droplet cross-section, aext/DSZ' is a
constant at any location in the nozzle jet flow {the variation of this

parameter i3 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 - ¢). This quantity can be normalized using the
one-~dimensional, homogeneous droplet volume fraction to yield the result
shown in Fignre 52. The 1line 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 irlet 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 then Lthose that were obtained for two-component, gas—particle
flows [7]. However, ccmparison of this profile with droplet volume
fraction profile obtained for a high quality nozzle flow [100] 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 (4L0). In order

to accomplish this calculation, a nozzle inlet enthalpy of 1,15 Mi/kg
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(492 Btu/Ibm), 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 opereating
condilions to correspond with the dala set number 2 of Figure 51. This
yields a one-dimensional, homogeneous dropiet volume fraction of
2.2 X 1071 at Lhe nozzle jet flow centerline (after multiplicalion by
the factor of 1.1 indicated by the results shown in Figure 52). Now,
calculaling lhe mean scaltering efficiency factor according to the
measured droplet size distribution for nozzle number 3 (see Figure 43)

yields a = 2.3 for azp, = 10.0 (» = 514.5 nm). A caiculation of the

ext
light transmission using these variables yields (t = 0.325 cm)
1(0)/1, = 0.22. This value is much lower than the light transmission
measurements obteined. Thus, assuming a larger Sauter mean diameter of
2.0 um and linearly extending aexl according to the percentage changes
indicated by Figure 47 results with aext = 2.2 and 1(0)/1, = 0.31. This
value is very nearly the same as the valug obtained for the transmission
measurement used for the comparison. Thus, the light transmission
measurement indicates that a Sauter mean diameter near 2.0 um 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 20.7 kPa (3.0 psia) exhesust pressures. This confirms
that there is little droplet diemeter change with an inlet pressure
change for the range of operating conditions  presented. A similar
comparison cannot be accurately applied to the 1.4VMPa (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 nozzie ilow conditions wusing 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 8.

|

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. This photographT shows the flow in these regions very

T - 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) Ml/kg (Btu/lbm) kPa (psia)
53 (6) 0.72 (105) 1.17 (501) 24.8 (3.6)
54 (86) 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 tﬁe 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

walls.
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Flow direction —=

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 operaling conditions are lisled in Table 6.
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The two—phase f{iuid leaving the throat appears to be fqirly
uniformly mixed, except for one high droplei concentration region that
exists throughoul Lhe complele supersonic nozzle fiow. It is
interesting that this droplet channeling does not follow the nozzle
axis, bul is displaced a considerable distance from the axis throughout
the diverging seclion of the nozzle. This channeling region is most
likely formed of relatively large dr;plets because of its origin in a
nonuniform droplet conceniration region of the nozzle throat and its
inability to disperse. From the information contained in this
photograph, it appears that floQ channeling in the diverging section of
the nozzle could be eliminated and subsequegtly, 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 prescnts a shadowgraph photograph of a shock wave
occurring just downsiream 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 inletL pressure the droplet phass flow patterns were greatly
changed over those shown in Figure 53, i. e., droplet channeling in the
converging 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 1is presumably due to the spatial kinetic and thermal

-1356-



Flow direction —m

Figure 54. -~ Shadowgraph photograph of a normal shock wave occurring
downstream of the nozzle throat region in nozzle number 6 operaling at
an inlet pressure near 241.3 kPa (35 psia). The nozzle operating

conditions are listed in Table 6,
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nonequilibrium occurring because of the spatial variation in the droplet

phase concentration.

During the experimental time that was taken to locate this 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 inle; 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 56ipresent shadowgraph photographs of the boundary
layer separation and shock wave phenomena that occurred for high
velocity shock conditions. Figure 55 QAS 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 (10.8 psia). In this photograph, the boundary
layer separation and obligque shock patterns can be seen at both the
upper and lower nozzle walls. In the central flow region there exists a
curved normel shock wave. The peak of the curvature is located at the
point ofvmaximum droplet concentration, indicating that the droplet
concentration has a strong effect upon the shock structure. Also, it
shoul!d be noted that the droplet channeling appears to be more
pronounced for this nozzle than it was for nozzle number 8 (nozzle

number 1 has a larger Lhroal radius of curvalure). A pressure profile
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- Flow direction —=

Figure 55. ~ Shadowgraph photograph of the boundary layer separation and
shock structure 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.

~138- .



Flow direction —m

Figure 56. -~ Shadowgraph photograph of the boundary layer separation and
shock slructure that existed near lhe exil (al right side of photograph)
in nozzle number 6 operating at

an inlel pressure near 0.7 MPa
(100 psia).

The nozzle operating condilions are listed in Table 6.
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typical of a nozzle operating under similar conditions was presented in
reference [43]. This pholograph verilies the occurrence of Lhe boundary

layer separation and oblique shock phenomena proposed in reference [43].

Figure 56 was obtained by operating nozzle number 6 al an inlet
pressure near 0.7 MPa (100 psia) ana\at an exhaust pressure of 35.9 kPa
(5.2 psia). As in Figure 55, the boundary layer separation and oblique
shocks can clearly be seen at the hozzle walls. However, in this case
the normal shock structure is even more complex. This ;s evidently due
to the two droplet chenneling streams that can be observed entering the
shock at the peaks of the shock curvature. A comparison of the droplet
channeling shown in Tigures 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 velecity of a moving droplet using a
laser-Doppler velocimeter depends upon two basic physical principles.
The first principle 1is 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
velocity relative to the light source velocity and is commonly called

the Doppler frequency shift.

The well known Doppier effect in accoustics can be simply explained
for a stationary sound source and a moving (constant velocity) observer.
As the observer moves towards the sound source, sound waves are
encountered more frequently then 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

(e - Ty-K))
£, = —Tl—— (52)

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

o -
\, = (¢ —rﬁd'k,) . (e - Ud'E ) (53)
P (c = U47k;)
In this case, if the droplet is moving towards the stationary observer,
the light wavelength observed will 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 unscattiered light beams. The Doppler frequency

shift, the difference between the light source frequency and the

scattered |ight frequency, can be written as
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Figure 57. - Diagram indicating the incident, fc'i. and scattered, ﬁs,
light direclion unit vectors for a droplel moving with a constant
velocity vector, U,.
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Af=f‘—fs=c(;‘—l~;‘—s) (54)

Upon combining equations (52) — (54), the total Doppler frequency shift

becomes

) >
af = (—;_)-(ki - &) (55)

where the approximation that ¢ >> |ﬁd| 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
small when compared to the initial light frequency. For example, a
droplet traveling at a velocity of 10 m/s will produce a maximum
normalized frequency shift of af/f, =6.7 X 1078, 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'% Hz for
A = 632.B 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 Using Optical Mixing Spectroscopy

One method for determining the small relative Doppier 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 pasced 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 thé Doppler frequency difference
is obtained directly, which eliminates the need for an absolute
frequency measurement. LDV arrangements employing this method of
Doppler [requency shift detection are commonly termed as heterodyne
techniques, after the super—heterodyne téchniques employed in radio

frequency and microwave communications.

Three of the m&st common heterodyne LDV optical arrangements are
shown in Figure 58. The first arrangemept (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 539(b)) is termed the
differential (dual beam) heterodyne system, and the third arrané;ment
(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 speclroscopy (heterodyne)
LDV arrangement. Note the high (sum) and low (difference) frequency
components of the mixed light beam.
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light scattered in one direction is positively shifted in frequency, and
the light scattcred in the other direction is negatively shifted in
frequency. This scattered light is mixed and the beat frequency results

with a mcasure of the total Doppler frequency shift.

The simplest method used to determine the Doppler frequency shift
for a heterodyne LDV arrangemeiil is to analyze the photodetector ¢ tput
with a spectrum analyzer. The frequency corresponding to the peak of
the spectrum determines the mcan particle velocity, and the half width
at half maximum yields the root-mean-square of the velocity fluctuation.
Other photodetector signal processors that are commonly used include the
Doppler burst counter, the frequency tracker and the photon correlator
(for very low scattered 1light 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 (FPl) [103]. LDV sysiems

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 wavelength) difference between the frequency shifted
scattered light and a known light frequency standard is measured. This
provides a direct optical measurement of the Doppler frequency

difference.

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 enalysis using a confocal scanning
FPI (see references [104] - [108]). However, several authors [8] and
[109] - [112] have found that the single beam LDV arrangement also works
well when using a Fabry-Perot interferometer for the Doppler frequency
shift enalysis. The reference beam LDV-FPI arrangement is shown
schematically in Figure 80(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 (rrequeﬂETbs) 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 1is displayed by an oscilloscope as ~ function of
the FPI mirror spacing for the subsequent determination of the frequency

difference. This frequency difference 1is the Doppler frequency shift
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Figure 60. — Schematic representations of the reference beam LDV-FPI
arrangement (part (a)) and the interference pattern generated by the
confocal scanning Fabry-Perot interferometer (part (b)).
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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 81.

The free spectral range of the confocal FPI corresponds to the
mirror separation necessary to change’' the intensity of the bright
central fringe between successive maxima, end is expressed in terms of

the mirror radius, r, and the speed of light, ¢, as

c
Apgp = 4r (56}

A measure of the FPIl’s capability to resolve different wavelengths is

called the resolving power, Py, and is given by
Pp = (57)

where AN 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 finex - &. For a mirror

reflectivity, R, near unity, the finesse can be writter as

AP
F= R 4 (58)

Tar " 2(1 - R)

The finesse is improved by increasing the reflecliivity 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 FPl is given by the equation
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PN S 59
T 2(1 + a,/t)? (59)

where a, is the combined mirror absorption and scatter loss and t is the

mirror transmissivity. The frequency resolution, Afpp;, of the confocal

FPI is
af
c  _ FSR
Mypr =3p. = TF (60)
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 CONSIDERATIONS FOR HIGH-VELOCITY, LIQUID-DOMINATED NOZZLE FLOW

MEASUREMENTG

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 Lhe 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 69,

leads to the following relation for the Doppler frequency shift in terms
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of the beam intersection half angle, ¢, the particle velocity, u,, and
the light wavelength, », [101], [102]:

2 uy sin ¢
aAf =—')‘— (6!)

From this result, the Doppler lrequency‘shilt is seen to increase with
an increase in the droplet velocity or an increase in the beam
intersection angle for a given Llight 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 21.5 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]

5)F,

d“V =¥ D, cos ¢ (62)

Here F, is the sending lens focal length, and D, is the initial laser
beam diameter where the intensity has dropped to 1/e? times the center

intensity. The length of the measuring volume is given as [102]
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53,
bmy = m Dy sin ¢ (63)

Thus, for a 1.5 degree beam intersection angle, an initial beam diameter
of 0.25 em, a light wavelength of 514.5 nm and a lens focal length of
40 em, 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 f;r nozzle numbers 2 - &, resulting in
no spatial resolution and the inclusion of velocity gradiénts due to the
jet velocity profile within the measuring volume. Also, because of the
high droplet concentration, there could be as many as 2800 droplets in
the measuring volume (resulting in frequency analysis probiems) for the
nozzle exit conditions of Table 1 and 2 um diameter droplets. The
combination of these effects severely limits the usefulness of the
heterodyne LDV techniques for the high-velocity, high droplet
concentration nozzle flows. However, very small measuring volumes
(resulting with very high Doppler frequency shifts) cen be used with
LDV-FPI 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-FPl 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 aenalysis technique, either the
heterodyne method using a spectrum analyzer or the direct optical method
using a scanning FPI, would te best suited for the high-velocity, high
droplet number density nozv.e jet flows, a series of comparative
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 Lhe two-phase,
steam-water nozzle jet flows of interest. A small converging-diverging
nozzle (0.318 cm thick rectengular 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 82(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 (A = 514,5 nm).
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Importanl results determined from these experimental comparisons

were:

(1) At comparatively low droplet concentrations (light Lransmission
> 70%), both the heterodyne arrangemenls 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-FPl 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 chahges in laser
power. At this nozzle flow condition, tﬁe output signal of the LDV-FPI
arrangement showed an increase in signai broadening (probably due to a
wider droplet size spectrum and greater kinetic nonequilibrium 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,

-168-



Because of the favorable results obtained with the LDV-FPI
arrangement for this series of qualitelive experiments, a laser—Doppler
velocimeter arrangement employing a scanning confocal Fabry-Perot
interferometer was chosen to be used for the low-qualily, steam-water
nozzle jet flow measurements. The final LDV-FP] 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 simplicity in both

measurement and alignment.

EXPERIMENTAL DUAL BEAM BACKSCATTER LDV-FPI SYSTEM

Experimental LDV System Optical Arrangement

Following the selection of the LDV-FPI arrangement as the system to
be used for the droplet velornity measurements, it was determined that
the forward scatter reference beam operational mode was too cumbersome
for practical wuse at the nozzle test station. The unit for measuring
forward scattiered light required a critical alignment on each side of
the nozzle exhaust chamber. This was difficult to achieve and maintain
because of both the inaccessibility 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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Because of these problems, a dual beam backscatter LDV optical
arrangement using a scanning confocal FP1 for signal analysis was
developed. This optical arrangement, shown schematically in Figure 63,
uses a sending optics arrangement identical to that of a dual beam
heterodyne LDV syslem. The 1light beam from a single frequency argon
laser (see references [113], [114]) is divided into two parallel
identical beams, which are focused Lo 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
correcled for spherical aberrations by a second lens to collimate 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 wusing the confocal scanning FPI. The spatial filter
pinhole in the backscattered 1light 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 {rom 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 Lhe
nearly collimated 1light 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 ¢m and the sending lens
focal length was nominally 12.0 cm. This resulted in a beam crossing

half angle of 12,85 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
unique in that a reference beam is not necessary to determine the
Doppler frequency shift. This is because the dual beam LDV-FPI syslem
utilizes light that has been scattered from two different beams at
different angles with respect to the flow direction. The light
scaltered 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 shift
determination. The ease of alignment and the stability of Lhis oplical
arrangement are greatly improved over those of other LDV-FPI optical
arrangements because modular uniis 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-FP! 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 beam backscatter LDV-FPI unit
installed at the nozzle test station.
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laser beam number | {(incident from the forward direction) can be

expressed in lerms of the beam inlerseclion and scattering geometry as
Lg
ary =~ [~ sin 8 cos ¢ - cos # sin ¢ + sin (g £ ap)] (84)
Similarly, the Doppler frequency shilt associated with the Jight
scalttered from beam number 2 (incident from the rearward direclion)

becomes
Yy
Aty == [~ sin @ cas ¢ + cos B sin ¢ + sin (8 = a¢)] (65)

Equations (64) and (B5) each include a term that shows that the Doppler
frequency shift in the light scattered from each beam can be broadencd
by the physical size ol the scattered light receiving aperture. This
mecasurement error is called aperiure broadening and is due lo the finite
included angle, ag, of the receiving lens aperturc. 1{ can be seen Lhat
large aperture sizes {large 4y} can int.oduce significant errors into
the measured f{requency of the light scaeitered 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 Lhe
scattered light from each of the two focused laser beams results in the

equatian

2u

Af = Af, ~ Af, = “Kﬂ sin ¢ cos g (68)

This equation reduces to that presented for the forward scattering

arrangements of Figure 58 {see equation (61)) when the optical system is

~168-



aligned perpendicular to the droplet velocily vector (8 = 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
optical alignment ease and stabilily. Also, equation (66) shows both
that aperature broadening errors are nonexistant for this arrangement
and that a reasonable amount of alignment error can be telerated without
significant measurement error (e. g., an error of < 1% is introduced for

B < B degrees}).

Experimental Doppler Frequency Shift Determination

The electronic signal obtained using the LDV-FP1 optical
arrangement was analyzed using two different methods, each yielding
different information. The elecironic signal analysis equipment used is
shown schematically in Figure 63. The first method of signal analysis
was to record the local photomultiplier signal amplitude as a function
of FPI mirror spacing using an oscilloscope. 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
photomultiplier 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
aﬁgle and |ighl wavelength). Although it is not possible to separate

droplet size and number density effects, the peak of the local
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photomulliplier output voltage will occur al a droplel size greater than

the maximum of the droplel size distribution.

The second method of LDV-FPl signal analysis used provided a
display of the droplet number rate versus velocity. This was
accomplished by converling each pulse from Lhe photomultiplier,
irrespective of its amplitude above a preset voltage, into a constant
amptitude pulse using a pulse generator. This train of constant
amplitude pulses from the pulse generator was then summed using an

integrator prior to its display using an oscilloscope.

The combination of these two signal analysis techniques was used by
Morse, et. al., [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 photomultiplier
signal amplitude trace is proportional to bath 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 Lhe peaks in the tvo oscilloscope
traces, a qualitative measure of the droplet size distribution function
width cen be obtained, i. e., the more horizontal separation between the
peaks of tie droplet number rate trace and and the photomultiplier
voltage outpul trace, the greater the width (or multimodal nature) of
the droplet size distribution function. These analyses cannot be

combined to yield the droplet size directly, however, because of the
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Figure 67. - Photograph of a typical oscilloscope trace for the dual
beam backscatter LDV-FPI system. The upper trace yields the mean
droplet number rate velocity, and the lower trace yields the mean
photomulitiplier signal amplitude velocity.

-169-



many other experimental unknowns that influence this measurement (see

the discussion presented by Morse, et. al. [B] concerning this subject).

A photograph of a typical dual beam oscilloscope trace using these
two signal analysis methods is shown in Fa.gure 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 puises of the pulse generator on a capacitor which is continually
discharged by a resistor. In this manner, the capacitor voitage is a
measure of the pulse rate averaged over the integration time. Denoting
Tgp as the response or integration time and R, as the rate of detected
signal pulses, the oulput voltage is proportional to Ryr,. which has a
statistical fluctuation with a standard deviation of (RD-rR)‘/2 [110].
Since the relative standard deviation due to a finite count rate is
proportional to (RDTR)“/Z, g should be made large. However, to avoid
degradalion in the velocity resolution the response time cannot exeeed’
the tine, TFSR/F (TFSR is the sweep period of the FPl and F is the
finesse). For the conditions of Table 1 and for 2 um diameter droplets,
the count rate is near 2.5 X 107 counts/s. The finesse of the FPI used

was near 100 and for a convenient FSR sweep rate of approximalely 1 s,
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Figure 6B. — Schematic of the circuit used for integrating the pulse

train from the pulse generalor.
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the integration Llime, Tp, was set al 10 ms. These values yield a
standard deviation in the count rate of 0.2%. The inlegrator circuit

used for Lhis work is shown in Figure 68.

The FP1 scan cor*rol unit of Figure 63 was constructed to provide
better resolulion of the Doppler frequency shifi information. The
oscilloscope sawlooth voltage was approximately 150 volts, but the FP]
required only 40 volts per FSR scan. Thus, using the sawtooth voltage
direclly resulted with nearly four FSR scans per oscilloscope sweep. To
reduce the voitage at the FPI for better data resolution while
maintaining synchronization with the horizontal oscilloscope sweep
resulted in the FPI scan control circuil shown in Figure 89. In this
cireuit, potentiometer number 1 controls the constant voltage bias
applied to the FPI, and potentiometer number 2 regulates the Voltage.
differential applied to the FPI per oscilloscope sweep. The use of thi;
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
af the droplet size Lhrough a comparison between the calculated and

measured droplet velocities (see reference [58]). Because of this, the
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Figure 69. — Schematic of the FP! scan control circuit. Polentiometer

number 1 controls the position of the FPl scan on Lhe oscilloscope
sweep, and potentiometer number 2 controls the number of FSR‘s to be
scanned per oscijloscopc sweep.
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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 nozéle design, questions arose
concerhing 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 conditions existing in large cross-section
jet flows would yield information more representative of actual turbine
nozzle operating conditions because of the smaller boundary layer and
wall liquid film flow perturbations. 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 noézle 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 listed in the figure. The velocities
presented in this ‘figure correspond to mean number rate droplet
velocities, and thus, are the velocities corresponding to the greatest
number of droplets in the flow. Droplet velocities determined from the
photomultipiier 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 seme 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 calculation 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 neczzle jel flow. This could cause a velocity
decrease before the fluid reached the measurement location 1.0 em from

the nozzle exit.

The maximam 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 loeal sonic velocity of the fluid. For a local two—phase
sonic velocity of 230 :y/s (755 ft/s) and a nozzle exhaust velocity of
800 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
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degrees. Using this value indicates that the oblique shocks from each
of the two nozzle sidewalls 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 obligue 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 vglocities 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 600 m/s (1868 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 measurements 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-FP] system was found to allow measurements in
much thicker nozzle jet [flows. Velocity ' measurements in two—phase,
air-water nozzle jet flows with 1light transmission characleristics
similar to the steam-water nozzle flows have shown that the dual beam
backscatter LDV-FPI arrangement was capable of measuring droplet

velocities at depths up to 0.6 em into the flow. This cepability 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 variation as a function of the
vertical distance from the nozzle jet centerline is shown for two
different nozzle inlet pressures in Figure 71. The measurement Jocation
was maintained at the jet thickness centerline for all the measurements.
The nozzle operating conditions at which these data were taken are
listed onA 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 cros. 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-FPl system could b¢ 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
disiribution funciions. A numerical optimization procedure is used to
determine the strengths of the individual bands which yield the bcst
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, a broad monomodal size distribution function end 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 co]lectiﬂg 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
polydispersion.

4) Experimental measurements of the droplet size distribution in
liquid-dominated, steam-water nozzle jet élows were accomplished for
nozzles operating at a constant inlet enthalpy of 1.16 MJI/kg
(500 Btu/1bm) and inlet pressures between 0.7 MPa (100 psia) and 1.4 MPa
(200 psia). The effect of veriations in the nozzle throat geometry
{(i. e., throat radii of curvature of 0.051 em, 0.318 cm and 2.540 cm and
throat heights of 0,318 em and 0.835 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 pm, the nominal ‘Sauter mean droplet diameter
was 1.7 pm end the nominal mass mean droplet diameter was 2.4 um. These
measured mean droplet diameters were significantly smaller than those
calculated using either the thermal equilibrium or the thermal
nonequilibrium numerical models (i. e., predicted diameters consistantly
near 7.5 ;m), which indicates a need for a better understanding of
droplet breekup 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 conditid@ 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 um for a 2.0 um
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 equilibrium model (1D2FAZEQ) and 2) the same
computer program modified to include thermal nonequilibrium effects
(1D2FAZNEQ) consistently yielded nozzle exit droplet diameters near
7.5 pm. Variations in nozzle Lhroat 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 um (see Figure B8 for the nozzle operating conditions snd the
predicted droplet diameter results). Experimental measurements
determined that the nominal nozzle exit droplet diameter was
significantly smaller than the near 7.5 um predicted droplet diameter
(i. e., the measured nominal mass mean droplet diameter was near
2.4 um). 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
ID2FAZEQ) for this flow should be near 1.0, rather than the value of 6.0

currently in vse. 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 nozﬁlﬂ incorporating the
smaltest throat radius of curvature and throat height combination,
nozzle number 5 (R* = 0.051 cm and y° = 0.31B cm), 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 duz 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 aveid nozzle performance

degradation due to flow separation.

?) 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 hLalf
the distance from the jet centérline to the top of the jet is reeched.
Beyond this point, the relative droplet volume fraction decreases until
a ratio near 0.7 is r;ached 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 ii is consiséant with the droplet phase spatial distrioutions

measured in high-quality nozzle [lows.

8) The light transmission meesurements 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 um. This is
very near Lthe average Sauter mean droplet diameter of 1.7 pn (182
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
phasg 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 [low phenomena, From photographs of the nozzle inlet and throat
regions, it was concluded that the large particle flow channeling could

be ellminated and the droplet size reduced in general by a phase
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separation before the nozzle inlet and é preper phase remix arrangement
near the nozzle throst. 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 develoned to
determine the droplet velocity in ‘ high-velocity, high droplet
concentration, two—phase mnozzle jet f]o#s. Several different LDV
arrangements were investigated, but the methods employing direct optical
signal analysis (using & scanning confocal Fabry-Perot interferometer)
of the Doppler frequency shift were found to be the most useful. The
optical arrangement developed for this' study was that of a dual beam
backscatter LDV-FPI, for which the difference in frequency between the
light scattered from each laser beam provides the Doppler frequency
shift infermation. In this menner, a reference beam signal is not
required, and the optical alignment ease aud stability is enhanced over
other LDV-FPI arrangements because mo@ular optizal assembly can be

readily utilized.

11) The dual beam backscatter LDV-FPI arrangement was utilized to
measure droplet velocities in the twc-phase, steam-waler nozzle jet
flows. Velocity profiles were measured across the thickness of the
nozzle jet flow. These measurements demonstrated the spatial resolution
of the LDV-FPl . rangement, and they also determined that the boundary
layer effects for the thin cross-section 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”[t/s) were measured at the nozzle exit,
corresponding very closely to the vapor exiiaust  velocity calculated
using both 1D2FAZEQ and. IDZFAZNEQ. This confirms the dropleg gize
measurements in that the §roplet sizes must be € 4 um in diameter for

such small relative velocities to oceur.

.12} Thin two-phase nozzles must ﬁc operated underéxpanded when
. me&suring droplet velocities in the nozzle exhaust riow to avoid
’ velocity measurement errors due to ob]iﬁue shocks at the exit. Ansther
method for avoiding oblique shock measurement errors is to determiﬁe the
droplet velocity dire:;]y in large crosstection 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 f[lows with similar light
transmission characteristics as the steam-water nozzle [lows
demqnstrated that velocity measurements could be obtained (using the
dual beam backscatter LDV-FPI arrangement) at a depth up to 0.6 cm into
the fiow, This is sufficient to allow [ree-stream droplet velocity
measurements in large cross—section nozzles while avoiding oblique shock

induced measurement errors.

13} The measured spatial variation in the dkoplet phase velocity
across the nozzle jet height was small, This Indicates that the spatial
variation of the droplet size is =mall, and it supports the small
vur{utions 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 um) was not less
than the 2.2 jn maximum droplet diameter necessary for a turbine
performance increase with the experimental impulse blading geometry of
reference [4] (sec Figure 1). This result confirms the conclusion
presented in reference [4] that the nozzle exit droplet diameter was
greater than 2.2 um 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 Figure 2).
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RECOMMENDATIONS FOR FUTURE WORK

Because of the strong dependence of two-phase impulse turbine
efficiency on nozzle exit droplet size, it is essential that further
work on both the mechanisms governing and the methods for predicting
droplet brecakup in single—component, two-phase nozzle flows be
undertaken. The proposal for a contro}led phase remixing in the nozzle
throat region to increase the kinetic end thermal nonequilibrium effeets
and to celiminate droplet channeling and droplet impact on the nozzle
converging walls, both for increased droplet breakup, should be pursued.
Mcasurementd of the droplet phase characteristics throughout the entire
nozzle, and especially in the nozzle throat region, should be made.
These measurements swould provide valuable information about the drcalet
brcakup mechanisms within this type of flow. Droplel characteristics
measuremenls as a function of the liquid phase fraction, with
application to very low-quality turbine inlet conditions, should also be
made. This would 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
nonequilibrium breakup dominates, should also be considered. In these
sludies, 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 characteristies
measurement techniques is also _needed.v _$tqdies oj _;hg 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
droplet size measurements in large cross—section nozzle (flows with
comparable or higher droplet concentrations. Refinemenls in both the
lighl scattering droplet size dislribution measurement and the LDV
droplel velocity measurement methods should be accomplished tc increase
their speed and accuracy. A magnetic tape - minicomputer arrangement
couid be interfaced with 8 photosensor array to provide cn-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 {rom 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, twe—phase calculational methods which include
experimentally derived droplet breakup information should be developed.
Information concerning two—phase bounéary layer behavior and two—phase
shock phenomena is also of importance to advance the design and
calculational methods. Ti. behavior of these‘complex flow situations is

virtually unknown at the present time.
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APPENDIX A

MIE THEORY LIGHT SCATTERING RELATIONS

The.theoretical relationship for the aongular distribution of the
intensity of light scattered by a single spherical particle of arbitrary
size was devzloped by Mie [45]. This result was presented in equation
(27), with the exception of the definition of the Mie scattering
function, i(@,a,m). The numerical value of the Mie scattering function
depends upon the scattering angle, &, the incident light wavelength, »,
the particle diameter, D, the particle 5ndex 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 [48]

i(e,a.myp = i, = |G;(0)]2 (A.1)
where
% (2n + 1)
G,(e) = E ————— [a,7,(cos ¢) + b, 7 (cos 8)] (A.2)

n=1 n(n + 1)
Similarly, the Mie scattering function for horizontally polarized light

can be written as
1(0,a,m)yp = i, = |Gy(0)|? (4.3)

where
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G,(6) = E 7 _(cos 6) + a_r_(cos @ A.4
2 n=1 n(n + 1) nn non
For incideni natural light, the Mie scattering funcliorn can be expressed

as a combinalion of the vertical and horizonial polarization scaltering

functions by the equation
i(o,aum)y, = (i; + i5)/2 (A.5)

In these equations, a, and bn are the scatiering coefficients (functions
of « and m only) end can be written as

8/ (am)S,(a) — w3 («)S_ (am)

o = (4.8)
S;(am)p, (a) ~ my;(a)S,(am)
and
mS; (am)S, () — S} (a)S, (am)
n = (4.7)
mS; (am)y () ~ ¢;(a)S,(am)
where
1/2
Sn(z) = (E%) Jn+l/2(z) (a.8)
/2
Cn(z) = (~-1)" (‘II'_;)1 J-'(!H-!/Z)(z) (A.Q)
and
ea(2z) = S,(2) + i € (2) (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, 1 = (-1)!/2 and J 1is the half order ordinary Bessel
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function. The angular functions = (cos #) and 7,(cos @) are Legendre

polynomial functions, given by

P;(cos [:3)
n,(cos 8) = “eine (A.11)
and
r,(cos 8) = Eg[P;(cos a)]' (A.12)

where the function P;(cos 0) is a Legendre polynomiel in terms of cos @.

An additional important result of the Mie scattering equations is
the formulation of the scattering efficiency factor, Q.. .. The
scatlering efficiency (factor is expressed using equations (A.2) and

(A.4) applied at 6 = 0 degrees, to obtein (G,(0) = G,(0) = G¢(0)} [48]
Qoxt = 5; Re{G(0)} (A.13)
o

where the amplitude function G(0) is given by

G(0) = £ El (2n + 1)(a, +b,) (A.14)
n=

Thus, the scattering efficiency factor becomes

[+ ]
Qugy = EE (2n + 1) Re(a, + b,) (A.15)

=1

=1

With this system of equations, the amplitude functions, G,(#) and
Gz(o), 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,,;, can be calculated for the light

transmission measurements. These equations were solved for this study
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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 107 to 107%), Numerical values for the calculated Mie
scattering functions, iy, and i,, were compared with those presented by
severai authors (see references [98] and [Al] - [A4]) to verify the
computer subprogram before proceeding wi£h the work preserted in this

report.
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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(6,a,m}, can be
approximated by the much simpler diffraction theory scattering function,
ig(@,a). ‘This function was presented by equation (32) for small angle
scattering (@ & sin ). Substitution of this function into eguation
(31) yields the scattered light intensity as

® [al,(a8)}]?
J(e) = Kf [—T—] f{a)da (B.1)
o

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.1)) are presented for two different size
distribution functions. The larger particle size distribution function
was formed using a ULDF with @ = 50.0, Qy pp = 0.75 and «,, = 80.0, and
the smaller particle size distribution function was formed using a ULDF
with & = 10.0, Qupp = 0.75 and a, = 20.0. 1t 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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Relative scattered light intensity, J(0)/K
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MIE theory

e = Diffraction theory
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Index of refraction = 1.33
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Relative scattered light intensity, J{8)/K

Figure Bl. ~ A comparison of relative scattered light intensity profiles
calculated using both Mie theory and diffraction theory
different particle size distributions.
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Equation (B.1) can be analytically inverted to yield an explicit
relationship between the particle size distribution function, f{a), and
the scattered light intensity variation, J(8), as (see equaticun (33))

[64]. [85]

2 foo
t(a) = —2#('2—:) f gg-gg)-(g).l,(ao)\'l(aa)da (B.2)
o
where
3
gle) = [—(—H e } (5.3)

The use of equation (é.z) to determine the size distribution
function for a large particle polydispersion requires a differentiation
of the experimental scattered light intensity profilef. 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, (2m/x)%dg(0)/do, as a
function of the scattering angle for the relative scattered 1light
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 [88] expanded equation (B.2)} to

an equation involving only an integration of the experimental data.

T —  Equation _(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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(27/7)2dg(0)/d8

i | I ] I 1 7
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~
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Scattering angle, 6 (degrees)
Figure B2. ~ A comparison of the derivative term, (2r/x)23dg(e)/de, of

equation (B.2) calculated
profiles of Figure Bl.

for the relative
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This development proceeded by substituting equation (B.1) intoc equation

(B.3) to obtain g(8) as
gl(6) = (é—;) jomar(u)[(aa)af(ao)Jda (B.4)

A new variable, T(#), was defined as
T(8) = g(o) ~ g() (B.5)

such that in the limit as 6 - o, g(w) becomes the constant

N 2 o [af{a)
g(w) = (E) ——[d® (B.6)
[3
By defining
]
M(8) = j T(r)dr (B.7)
o

Integrating equation (B.2) by parts twice and incorporating equations

(B.3) — (B.7), yields the particle size distribution function as

f(a) = _2,(2—")2 ij(a)——d—E[(a/a)J.(aa)Y (a8)]de (B.8)
A o de2 i !

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(é)
and the use of equations (B.5), (B.7) and (B.8). Equation (B.5)
involves the determination of g(o) at large angles where g(@8) is
essentially constant (see equation (B.6)). The determination of this
constant is critical, and its requirement severely limits the smallest

particle sizes that can be measured.
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Figure B3. — A comparison of the term, (27/r)2%g(8), of equation (B.2)
calculated for the relative scattered light intensity profiles of Figure
B1.
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Figure B3 presents the quantity, (2x/x)2g(6), as a function of the
scattering half angle for the scattered 1light intensity profiles
presented in Figure Bi. This is, the same I[unction 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(8), 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

Film Calibration and Scattered Light Data Recording

The recording of the film calibration and scattered iight 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 optical system was realigned to bypass the light
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 C1. It can be seen that for
an initial light beam energy density, E,, 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 - R;})(1 - R,)E,.
Designating this quantity as E; yields the energy density of each of the
succeeding transmitted beams on the right side of the mirror pair equal
to the quantity (R,Rz)“‘lEl, 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 Cl. - Schematic of the tilted calibration mirror pair showing the
light transmission and rellection intersction 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 inc;ﬁded. For this work, the mirror
reflectivities were specified to be near 70% (they were measured at
0.701 and 0.728 at x = 632.B nm) so that the relative energy density

change, RR,, would be near 50%.

An exposure of the [film to this series of light beams, in
conjunction with a microdensitometric scan of the film, provides a
relationship between the incident light energyldensity and the resulting
film density. Each individual piece of film was calibrated in thi§
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 calibration exposure and scattered 111ht film density
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 ofvlhe film
density and its spatim]l location on the film. For this work, 'a
microdensitometer slit size of 57 X 57 um was used in conjunction with a

spatial step size between 50 and 200 um. The step size was dependent

upon the =size of the exposure to be scanned and limited only by the
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Figure €2, - Photograph of the scanning microdensitometer.
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Figure C3. -~ Photograph of the microdensitometer 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 disec file on the main computer system (CDC~7600"s).
Photugraphs of the microdensitometer and its associated 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
prolilef. 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. [88]. 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 cal{Sration
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 1line 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.

toa relationship betyeen the film energy density and the scattered
light intensity 1Is derived In Appendix D. It is shown that the two are
identical, except for a constant multiplier.
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By combining the film density information for each of the
calibration exposures with the known relative energy density of the
cerresponding light beams (due to the‘ (RIRZ)""E1 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
continuous film density — energy density relationship 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

ldeal 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 light
intensity measurements, is shown in Figure Di. From the thin lens

relationship, it can be written that

(D.1)

=

1 _ 1
ts T F,

where F, is the focal length of the lens, s is the object distance of
the scattering particle end s° is the image distance. From similar

triangles, it can be written that

r H
e (p.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.1) and (D.2) yields

r

= ﬁf: (D.3)

Rearranging equation (D.3) and assuming small scattering angles results

.
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Figure D1, - Scattered light collecting lens geometry.
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with
= g— = tan 0 & @ (D.4)

Thus, it can be seen that for single particle scattering, the scattering
half angle, 8, is independent of the position of the particle in the
light beam, and it is characterized by the radius at the focal plane and

the lens focal length.

Real Lens Design

i1t can be shown from ray tracing calculations that equation (D.4)
is very accurate for determining the scattering half angle, #, 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

krown as lens spherical aberrations.

Jepkins and White [D1] 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 1light intersection peoint divided by the lens focal
length (5.A. « Hz/F?). Thus, by minimizing this quantity for a given
light scattering arrangement, the scattering half angle measurement
error can also Dbe 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
spatial origins. 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 em from the nozzle jetT. The combination of these two changes
minimized the quantity HZ/F? and the subsequent spherical aberration
errors for the light 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 size. 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 0.0l degree.

t - This iocation provided the shortest possible distance between the
lens pair and the nozzle jet.
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Film Plane Alignment

The film plane was aligned with the lens pair in a manner Lhat 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 em) 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
film 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(#). To determine the relationship between
the recorded energy density and the scattered light intensity, the light

scattering integral equation

o0
i(e) =K f i(8,a,m)f(a)da (31)
-]
must be considered. The units of J(8) are power (watts) per unit solid
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angle. Thus, the amount of power scattered in an angle y in the forward

direction is given by
y
P{y) = | J(8)dw = 2m J{6){(sin 6)de (D.5)
@ o

where @ is the included solid angle. Similarly, an integration of the
energy density measured at the film plene over a radius, R,
corresponding to the included scattering angle, v, yields
R
P(y} = &t'-f E(8)rdr (D.6)
o
where t is the exposure time, and r is the radius from the image center
on the {ilm. Now, writing equation {(D.4) in & form to include the
multiplier h(8) to account for possible deviation from ideal thin lens

theory (e. g.., spherical aberrations) yields

;.—l = h(e)tan o (D.7)

such that

rdr = F,?h(e)[h(8)/cos®e + h’(e)tan 8](tan e)de {D.8)
where the prime denotes a derivative with respect to the angle 6.
Substitution of equation (D.8) into equation (D.B8) results with

2nF% [
P(vy) = - E(e){nh(8)[h(8)/cos?e + h’(e)tan 6]}(tan 6)ds (D.9)
(]

Now, by a direct comparison of equations (D.5) and (D.9), it can be seen

that
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F2E(0)
i(8) = ){h(a)[h(a)/coszo + h’(e)tan 8]} (D.10)

'
t(cos &

In the ideal thin lens approximation and for small scattering angles,
h(6) = 1.0, sin 6 & tan 0 M0 and cos ¢ &« 1.0, so thal equation (D.10)

reduces to the simple relation
F2E(0)
I(e) = < (D.11)
Thus, equation (D.11) clearly demonstrates that the scattered light
intensity, J(6), is directly proportional to the energy density measured
at the film plane, provided ihat h(#) is essentially constant and only

small angles are considered!.

The deviation function, h(#), end its derivative, h”(6), 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.11). This was accomplished for the
receiving lens pair used for this study, with the result being that h(e)
could be assumed to be a constant over the 0 — 14 degree scattering
angle range. This assumption introduced a maximum error of 2% when
using equation {D.11) 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(6), directly rather than converting to scattered light intensity

,J{#), for the droplet size distribution inversions.

t - A maximum error of 3% is introduced by using equation (D.11), rather
than equation (D.10), at a scattering angle of 14 degrees.
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