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ABSTRACT 

A method f o r  determining the droplet  s ize  
d i s t r i b u t i o n  from measurements o f  the scattered l i g h t  
i n t e n s i t y  i n  the forward scat ter ing lobe has been 
developed f o r  two-phase, single-component, 
l iquid-dominated nozzle j e t  f lows containing small 
droplets (diameters < 10 r m  f o r  v i s i b l e  l i g h t  
wavelengths). The technique i s  based upon matching 
the measured scattered l i g h t  i n t e n s i t y  p r o f i l e  w i t h  a 
sumnation o f  the i n t e n s i t y  cont r ibut ions o f  a ser ies 
o f  appropr ia te ly  spaced narrow band s ize 
d is t r ibu t ions .  A numerical opt imizat ion technique i s  
used t o  determine the strengths o f  the ind iv idua l  
bands which y i e l d s  the best agreement w i th  the 
measured scattered l i g h t  i n t e n s i t y  p r o f i l e .  The 
narrow band i n t e n s i t y  cont r ibut ions are calculated 
using Mie 'scat ter ing theory which i s  accurate f o r  
small m u l t i p a r t i c l e  l i g h t  scatter ing.  Appl icat ion o f  
the technique t o  the  determination o f  the droplet  
s ize  d i s t r i b u t i o n  (Sauter mean diameter near 1.8 rm) 
i n  a l o w  q u a l i t y  steam-water nozzle j e t  i s  described. 

NOMENCLATURE 

a * upper l i m i t  d i s t r i b u t i o n  funct ion (ULDF) 

C = opt imizat ion constant defined i n  eq. (6) 
C '  = normal izat ion constant defined by eq. (12) 
D = p a r t i c l e  diameter 

shape parameter defined by eq. (13) 

f(a) = p a r t i c l e  s ize d i s t r i b u t i o n  funct ion 

J ( 0 )  = scattered l i g h t  I n t e n s i t y  per unit  s o l i d  
defined by eq. (4) 

angle 
I = inc ident  p a r a l l e l  l i g h t  i n t e n s i t y  

K = o p t i c a l  constant defined by eq. (2) 
m = p a r t i c l e  r e f r a c t i v e  index 
N = number o f  p a r t i c l e s  scat ter ing l i g h t  
n = upper l i m i t  index o f  sum i n  eq. (6) 
Q = ULDF normalized width defined by eq. (15) 
S = exponential size d i s t r i b u t i o n  shape 

a = p a r t i c l e  s ize parameter = r D / A  
6 = s ize  d i s t r i b u t i o n  modal s ize  parameter 

i(e,a,mT = Mie sca t te r ing  funct ion 

parameter defined by eq. (17) 

' - - - ; ~ ~ ~ ~ n c e  L i  vermore Laboratory, Livermore, 
a1 i f o r n i a  

Un ivers i ty  o f  C a l i f o r n i a  a t '  Davis, Davis, 
Cal if orn i  a 

minimum s ize  parameter 
maximum s ize parameter 
s ize  d i s t r i b u t i o n  h a l f  width s ize  
parameters 
ULDF shape parameter 
scat ter ing angle 
inc ident  1 i ght wavelength 

index counter 
measured value 

INTRODUCTION 

Geothermal Energy i s  one o f  the current  
a l te rna te  energy sources t o  which considerable 
developmental a t ten t ion  i s  being given. Major 
emphasis i s  being devoted t o  hot water deposits 
ra ther  than dry steam sources because they cons t i tu te  
approximately 85% o f  the known geothermal deposits 
and because dry  steam sources can be u t i l i z e d  w i t h  
conventional steam-turbine technology. One o f  t h e  
methods proposed f o r  power generation from geothermal 
hot water deposits i s  the t o t a l  f low process 111, [2], 
i n  which the t o t a l  wellhead product (cons is t ing o f  a 
liquid-dominated two-phase mixture o f  steam and water 
p lus  dissolved s a l t s  and impur i t ies)  i s  expanded 
through an energy conversion machine. One such 
device (which provided the impetus f o r  t h i s  study) i s  
an impulse tu rb ine  that u t i l i z e s  a h igh-ve loc i ty  
two-phase mixture e x i t i n g  from a ser ies o f  
converging-diverging nozzles f o r  motive power. 
Because o f  the high vapor volume f ract ion,  the h igh 
ve loc i ty ,  and the neg l ig ib le  pressure gradient, the  
two-phase mixture i n  the nozzle j e t  can be considered 
t o  consis t  o f  small spher ical  droplets suspended i n  a 
vapor continuum. Note tha t  such a two-phase f l o w  
from a nozzle can be produced from energy sources 
other than geothermal deposits (e.g., by solar heat 
or from the waste heat o f  i n d u s t r i a l  processes). 

The e f f i c i e n t  conversion o f  the energy i n  a 
h igh-ve loc i ty  two-phase f l u i d  by an impulse tu rb ine  
requi res small droplets [3] , [4] . The reason f o r  
t h i s  i s  tha t  large droplets  ( > 4  r m )  w i l l  not f o l l o w  
the vapor streamlines w i t h i n  the blade passages and 
w i l l  c o l l i d e  w i t h  the blade walls. This resu l ts  i n  
reduced momentum exchange and l i q u i d  f i l m  pumping 
losses. However, smal l  droplets ( < 4  rm), i n  
conjunct ion w i th  appropriate blade passage design, 
w i l l  a l low more e f f i c i e n t  turb ine operation ( the 
impulse wheel e f f i c iency  increases approximately 
l i n e a r l y  f o r  droplet  sizes < 4  r m  C41). I n  view o f  
t h i s  requirement, a nozzle design t o  produce droplets 
w i th  diameters less than 4 r m  i s  essent ia l .  The 
primary ob ject ive o f  t h i s  work was therefore t o  
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develop a method f o r  determining droplet  s ize  
d i s t r i bu t i ons  i n  nozzle j e t s  i n  order t o  be able t o  
evaluate pa r t i cu la r  nozzle designs. 

The measurement o f  droplet  s ize d i s t r i b u t i o n  i n  
single-component, two-phase, liquid-dominated nozzle 
j e t  flows i s  d i f f i c u l t  because o f  the h lgh  
ve loc i t ies ,  the small droplet  diameters, the high 
droplet  number densit ies, and the complex interphase 
transfer mechanisms. Conventional diagnostics such 
as probing techniques, become unacceptable because o f  
the serious perturbat ions introduced i n t o  the f low,  
or due t o  the harsh environment o f  the f l o w  i t s e l f .  
For these reasons, a passive m u l t i p a r t i c l e  l i g h t  
sca t te r ing  technique based upon the i n t e n s i t y  
va r ia t i on  o f  the forward sca t te r ing  lobe was 
developed f o r  the required droplet  s ize  d i s t r i b u t i o n  
measurements. Since ana ly t i ca l  studies 151 , [61 have 
shown tha t  droplet  diameters < l O r m  were t o  be 
expected, a t ten t ion  was focused on developing a 
method f o r  t h i s  s ize range. 

LIGHT SCATTERING BY SPHERICAL PARTICLES 

The l i g h t  i n t e n s i t y  scattered by a spherical 
p a r t i c l e  depends upon the incident l i g h t  in tens i ty ,  
wavelength and po la r iza t ion ,  the p a r t i c l e  diameter 
and r e f r a c t i v e  index, and the observation angle 
r e l a t i v e  t o  the i l l um ina t ion  d i rec t ion .  The basic 
theory f o r  the sca t te r ing  o f  col l imated monochromatic 
l i g h t  by a s ing le  spher ical  a r t i c l e  i n  a homogeneous 
medium was developed by Mie f71. The r e s u l t  f o r  the 
i n t e n s i t y  per u n i t  s o l i d  angle o f  the scattered l i g h t  
J(0) as a func t ion  o f  the angle from the incident 
d i rec t i on  i s  expressed i n  terms o f  the Mie sca t te r ing  
func t ion  i(e,a,m) by C8l 

J ( 0 )  = K i (0,a,n) (1) 
where 

Calculat ions based upon equation (1) have shown t h a t  
f o r  a p a r t i c l e  whose diameter i s  near ly equal t o  the 
inc ident  l i g h t  wavelength, the s t ruc tu re  o f  the  
scattered l i g h t  i n t e n s i t y  d i s t r i b u t i o n  i s  very 
complex. For p a r t i c l e s  much smaller than the 
incident l i g h t  wavelength the Mie theory calculat ions 
can be approximated by the simpler Rayleigh-Gans 
theory. For pa r t i c l es  much larger than the inc ident  
l i g h t  wavelength the simpler d i f f r a c t i o n  theory 
becomes appl icable as an approximation t o  Mie theory. 

The resu l t s  obtained from the sca t te r ing  o f  
l i g h t  by a s ing le  spher ical  p a r t i c l e  can be d i r e c t l y  
extended t o  the sca t te r ing  o f  l i g h t  by a cloud o f  
monodiameter p a r t i c l e s  using superposit ion t o  obtain 
C83 

J ( 0 )  = K N i (e ,u,m) (3) 

where N i s  the number o f  p a r t i c l e s  sca t te r ing .  l i g h t .  
This equation i s  appl icable f o r  a monodispersion 
provided t h a t  the l i g h t  inc ident  upon a l l  p a r t i c l e s  
has not been s i g n i f i c a n t l y  a l te red  by the sca t te r ing  
e f fec ts  o f  the other par t i c les ,  i.e., s ing le  
sca t te r ing  occurs. The top i c  o f  monodisperse 
p a r t i c l e  s iz ing  i s  discussed i n  d e t a i l  i n  [81 - [lo]. 

The l i g h t  scattered from a dispersion containing 
p a r t i c l e s  o f  many d i f f e r e n t  sizes can be determined 
by the superposit ion o f  the sca t te r ing  e f fec ts  o f  
each p a r t i c l e  i n  a manner s im i la r  t o  the monodisperse 
l i g h t  sca t te r ing  represented by equation (3).  By 

def in ing  a p a r t i c l e  s ize  d i s t r i b u t i o n  funct ion f ( a )  as 

L m f ( a ) d a  - N (4) 

the scattered l i g h t  i n tens i t y  va r ia t i on  caused by a 
polydispersion i s  given by [SI 

J ( 6 )  = K lomi (0,aDm)f.(a)da (5)  

The use o f  t h i s  r e s u l t  i s  again l i m i t e d  t o  
dispersions w i th  s u f f i c i e n t l y  low p a r t i c l e  
concentrations so tha t  s ing le  sca t te r ing  e f f e c t s  
domi nate. 

PARTICLE SIZE DISTRIBUTION DETERMINATION FROM 
SCAlTBED LIGHT PATTERNS 

I n  p r inc ip le ,  the scattered l i g h t  i n t e n s i t y  
va r ia t i on  can be used t o  determine the p a r t i c l e  s ize  
d i s t r i b u t i o n  which produced t h i s  var iat ion.  Many 
d i f f e r e n t  inves t iga tors  have studied t h i s  problem f o r  
both la rge  and small p a r t i c l e  polydispersions. For 
large p a r t i c l e  polydispersions (a > 20), the  Mie 
sca t te r ing  func t ion  i(e,u,m) i s  replaced by the much 
simpler d i f f r a c t i o n  theory sca t te r ing  func t ion  i n  
equation (5). The resu l t i ng  equation can then be 
ana ly t i ca l l y  inverted t o  y i e l d  an e x p l i c i t  
r e la t i onsh ip  between the p a r t i c l e  s ize  d i s t r i b u t i o n  
function f (  Q )  and the scattered l i g h t  i n t e n s i t y  
var iat ion.  Descript ions o f  the basic la rge  p a r t i c l e  
po lyd i  spersi on s ize d i s t r i b u t i o n  inversion technique 
and several var ia t ions  and appl icat ions are given i n  
Clll - C191. The large p a r t i c l e  techniques could not 
be used for the nozzle j e t  f low work because the 
droplets involved are i n  general smaller than the  
lower l i m i t  f o r  which d i f f r a c t i o n  theory i s  
appl icable. 

Several d i f fe ren t  m u l t i p a r t i c l e  l i g h t  sca t te r ing  
techniques have been developed f o r  the determination 
o f  p a r t i c l e  s ize  d i s t r i bu t i ons  i n  polydispersions 
w i th  diameters less than or near ly equal t o  the  
inc ident  l i g h t  wavelength (e.g. see [ZO] - C231 1. 
These methods general ly require an a p r i o r i  
assumption o f  the form o f  the s ize  d i s t r i b u t i o n  
function, w i th  the experimental data providing the  
information necessary t o  determine the d i s t r i b u t i o n  
func t ion  shape parameters. Also, the d i s t r i b u t i o n  
funct ions must be monomodal and o f  narrow width, 
otherwise the charac ter is t i c  patterns i n  the l i g h t  
sca t te r ing  curves w i l l  be masked by the superposft ion 
o f  the patterns charac ter is t i c  t o  each o f  the  
d i f f e r e n t  sizes. The experimental complexity ( la rge  
angular and/or myy wavelength var ia t ions  are 
required) i n  combination w i th  the aforementioned 
r e s t r i c t i o n s  l im i ted  the usefulness o f  these s ize  
d i s t r i b u t i o n  inversion techniques f o r  the complex 
nozzle f l o w  condlt ions. 

Because o f  the geometrical constraints imposed 
by the  nozzle exhaust chamber (only small angle 
measurements could be reasonalby obtained) and the 
small diameter droplets produced by the nozzles t o  be 
used, i t  was found tha t  no ex i s t i ng  method f o r  s i ze  
d i s t r i b u t i o n  determination could be used. Because o f  
th is ,  a modif ied op t i ca l  arrangement was devised and 
a new procedure was developed f o r  evaluating the  
p a r t i c l e  s ize  d i s t r i b u t i o n  using the measured 
scattered l i g h t  i n t e n s i t y  p r o f i l e .  This new method 
uses the exact Mie theory i n  order t o  be appl icable 
t o  the small spherical p a r t i c l e  range o f  in te res t .  
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SMALL PARTICLE S I Z E  DISTRIBUTION INVERSION METHOD 

The numerical inversion o f  equation (51, a 
Fredholm in tegra l  equation o f  the f i r s t  kind, f o r  the 
size d i s t r i b u t i o n  function f(u has been studied by 
several authors (e.g., see 124 J -[271). The inversion 
techniques o f  P h i l l i p s  C241 and Hanson C251 requ i re  
small Aa steps (consistent w i th  the numerical 
in tegra t ion  quadrature formula used) and values o f  
the scattered l i g h t  i n t e n s i t y  a t  r e l a t i v e l y  la rge  
values o f  the forward sca t te r ing  angle i n  order t o  
obtain an accurate r e s u l t  f o r  the s ize  d i s t r i b u t i o n  
f ( a ) .  These techniques are r e l a t i v e l y  insens i t i ve  t o  
groups o f  small p a r t i c l e s  w i th  comparatively broad 
size d i s t r i bu t i ons  and requ i re  high accuracy i n  the 
scattered l i g h t  i n t e n s i t y  measurements. These 
requirements involve undesirably long computer run 
times and greater experimental complexit ies f o r  the 
nozzle j e t  f low measurements. The s t a t i s t i c a l  
inversion method o f  Turchin, e t .  a l .  C261 , as 
studied i n  d e t a i l  by Sh i f r in ,  e t .  a l .  C271 , was o f  
l im i ted  value because o f  i t s  i n s e n s i t i v i t y  t o  the 
s m a l l  p a r t i c l e  range (a < 6) f o r  broad size 
d i s t r i bu t i ons .  

Measured Size D i s t r i b u t i o n  Function Representation by 
Series o f  Narrow Ind iv idua l  Size D is t r ibu t ions  

During the inves t iga t ion  o f  possibre s ize  
d i s t r i b u t i o n  inversion techniques i t  was determined 
tha t  a conceptual ly simple inversion method based 
upon scattered l i g h t  i n t e n s i t y  p r o f i l e  matching could 
be developed. This inversion process i s  accomplished 
by representing the measured scattered 1 i gh t  
i n t e n s i t y  p r o f i l e  by a sumnation o f  contr ibut ions 
from the i n t e n s i t i e s  produced by a series o f  su i tab l y  
spaced narrow ' ind iv idua l  p a r t i c l e  s ize  
d i s t r i bu t i ons .  That is,  the measured scattered l i g h t  
i n t e n s i t y  Jm(e) i s  expressed by 

i n  which the J ( e  ) are the i n tens i t i es  calculated 
from an appropbiately spaced ser ies o f  narrow band 
p a r t i c l e  s ize  d i s t r i bu t i ons  and the C are 
constants which determines the cont r ibu t ion  ok each 
ind iv idua l  d i s t r i bu t i on .  The constants C are 
determined by a minimization o f  the sum o f  !quared 
e r ro r  between the measured i n t e n s i t y  p r o f i l e  and the 
calculated i n t e n s i t y  p r o f i l e  us in  the numerical 
opt imizat ion technique o f  Powell C P f l ! .  Each o f  the 
i nd i v idua l  i n t e n s i t y  p r o f i l e s  Jk( 6 ) are calculated 
using equation (5) as 

Jk(8)  - K %i (e,a,m)fk(a)da (7) 

The ind iv idua l  s ize  d i s t r i b u t i o n  funct ions f ( u  ) 
and t h e i r  spacing must be spec i f ied  appropriate$ t o  
approximate the s ize  d i s t r i b u t i o n  func t ion  t o  be 
determined. I n  the l i m i t  as n+= i n  equation (6) 
and as the ind iv idua l  s ize  d i s t r i b u t i o n  funct ions o f  
equation (7) become de l ta  functions, equation (6) 
simply reduces t o  the i n teg ra l  equation (5). 

The measured scattered l i g h t  i n t e n s i t y  
represented by equation (6). when combined w i th  
equation (7),  y ie lds  

The measured l i g h t  i n tens i t y  can also be expressed i n  
terms o f  the s ize d i s t r i b u t i o n  func t ion  o f  the 
polydispersion fm(a) as 

(9)  

By a d i r e c t  comparison o f  equations (8) and (9) the 
measured s ize  d i s t r i b u t i o n  funct ion fm(a)  becomes 

Thus, by the optimized reconstruct ion o f  the measured 
scattered l i g h t  i n t e n s i t y  p r o f i l e  J ( e )  from a 
ser ies o f  ind iv idua l  narrow band i n t e k i t y  p r o f i l e s  
J ( e ) (calculated us in  the speci f ied s ize  
d t s t r i b u t i o n  funct ions f (a)! the s ize  d i s t r i b u t i o n  
func t ion  of the polydkspersion f ( a ) can be 
determined using equation (10). Examgle ca lcu la t ions  
and experimental measurements using t h i s  inversion 
method are presented i n  the fo l low ing  sections o f  
t h i s  report .  

VERIFICATION OF PROPOSED INVERSION METHOD 

Several numerical experiments were performed t o  
invest igate the a p p l i c a b i l i t y  o f  the scattered l i g h t  
i n t e n s i t y  p r o f i l e  matching procedure f o r  the 
inversion of small p a r t i c l e  s ize  d i s t r i b u t i o n  
functions. Par t i cu la r  a t ten t ion  was given t o  both 
the maximum forward sca t te r ing  angle required and the 
number o f  narrow band size d i s t r i bu t i ons  necessary 
f o r  a given s ize  d i s t r i b u t i o n  inversion accuracy. 
Many calculat ions were performed f o r  which a 
monomodal s ize  d i s t r i b u t i o n  func t ion  was specif ied, a 
scattered l i g h t  i n tens i t y  p r o f i l e  was calculated w i th  
equation (5) using t h i s  d i s t r i b u t i o n  func t ion  and Mie 
theory ( the numerical quadrature formula used was 
Simpsons 1/3 rule),  and then the opt imizat ion 
technique was applied t o  determine the strengths o f  
the ser ies o f  assumed narrow band d is t r ibu t ions .  The 
process fo r  determining an appropriate group o f  
narrow band d i s t r i bu t i ons  i s  bas i ca l l y  an i t e r a t i v e  
one. The f i r s t  step i s  t o  ca lcu la te  a scattered 
l i g h t  i n t e n s i t y  p r o f i l e  f o r  an assumed broad 
monomodal s ize d i s t r i bu t i on .  Comparison o f  t h i s  
calculated i n t e n s i t y  d i s t r i b u t i o n  w i th  the t rue  
i n t e n s i t y  p r o f i l e  provides a guide f o r  a second 
assumed s ize  d is t r ibu t ion .  which may be bimodal o r  
greater. Continuation o f  t h i s  procedure leads t o  a 
f i n a l  ser ies o f  narrow band s ize  d i s t r i bu t i ons  which. 
when t h e i r  respective i n t e n s i t y  d i s t r i bu t i ons  are 
combined using the opt imizat ion procedure, y ie lds  an 
acceptable agreement w i t h  the known i n t e n s i t y  
d i s t r  i bu ti on. 

It was found through these calculat ions t h a t  f o r  
the small p a r t i c l e  range o f  i n te res t  the inverted 
s i ze  d i s t r i b u t i o n  func t ion  was very near ly the same 
as the specif ied d i s t r i b u t i o n  function, i r respec t ive  
of the i n i t i a l  so lu t ion  guess (an i n i t i a l  guess f o r  
the C ' s  i s  required t o  s t a r t  the calculat ion).  It 
was h s o  determined t h a t  constraints had t o  be 
applied t o  the opt imizat ion technique t o  preclude any 
la rge  negative Ck's t h a t  could r e s u l t  i n  negative 
values f o r  f,,,(a). Simi lar  resu l t s  should be possible 
f o r  large p a r t i c l e  polydispersions but due t o  the 
increased number o f  spec i f ied  input  d i s t r i b u t i o n  
funct ions f (a) ( f o r  broad d i s t r i bu t i ons  i n  a) and 
the increaskd ca lcu la t iona l  time required f o r  the Mie 
sca t te r ing  functions, the opt i m i  t a t  ion  technique 



i 

becomes i n e f f i c i e n t  and an invers ion method based 
upon d i f f r a c t i o n  theory would be more e f f i c i e n t .  

To demonstrate the v e r s a t i l i t y  o f  the 
constrained opt imizat ion s ize  d i s t r i b u t i o n  invers ion 
method a theore t ica l  bimodal s ize  d i s t r i b u t i o n  was 
chosen and i t s  re la ted  scat tered l i g h t  i n t e n s i t y  
p r o f i l e  calculated. The theore t ica l  bimodal funct ion 
was obtained by the  add i t ion  o f  two upper l i m i t  
d i s t r i b u t i o n  funct ions (ULDF). The ULDF i s  
represented by [291 

f (a)  = C '  c x p ( - {  6 In[aa/(a, - a)], ) 2 

/[a4(a= - a11 (11) 

where C '  i s  defined fo r  normalization such t h a t  

The constant a i s  given by 

a (ao/; -1) e x p [ ( l / b 2 ) ( 2 . 5 i / a a  - 2 ) ]  (13) 

and 8 i s  re la ted  t o  the constant a and the  func t ion  
width by the transcendental equation i n  terms o f  the 
h a l f  w idth s ize parameters a& 

( a d )  ( am-ae) / (a,,,G) - 2 e x p ~ b  2( o n ~ a a * d  (%-a*%) 3 l2 
- M a ~ ( a , , , - ~ ) l 1 2 ) l  0 (14) 

The bimodal d i s t r i b u t i o n  func t ion  was formed by the  
add i t ion  o f  a ULDF with ti = 5, Q = 1, and a, = 50 t o  
a second ULDF with & = 25, Q = 0.5, and a,= 50. The 
normalized func t ion  h a l f  width Q i s  

Q = (a+% - a+)/; (15) 

The second ULDF was m u l t i p l i e d  by s i x  t o  ampli fy the  
comparison between the two functions. 
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Figure 1. Selected narrow band (exponential) and 
bimodal (ULDF) s i z e  d i s t r i b u t i o n  functions. 

Figure 1 presents t h i s  bimodal d i s t r i b u t i o n  
func t ion  p l o t t e d  with the speci f ied narrow band 
d i s t r i b u t i o n  funct ions fk( a )Is assumed f o r  the 
constrained opt imizat ion invers ion method. These 

funct ions are exponent i a1 d i s t r i b u t i o n  funct ions 
given by the equation [91 

f(a) = Cl(a - ao) exp{-[(a - ao)/Sl 3 1 (16) 

where the nomal iza t ion  constant C '  i s  ca lcu lated 
using equation (12) and the constant S i s  defined by 

S = (i - ao) 3 1 /3 

The exponential functions were chosen because o f  t h e  
s i m p l i c i t y  i n  speci fy ing both the modal s i z e  and the 
amount o f  overlap between successive functions. I n  
general, the numerical experiments have given the 
best resu l ts  w i t h  a func t ion  overlap near one ha l f ,  
as shown i n  Figure 1. 

Figure 2 presents a graph o f  the input scattered 
l i g h t  i n t e n s i t y  p r o f i l e  (ca lcu lated from the bimodal 
d i s t r i b u t i o n  and used as experimental data) and the 
r e s u l t i n g  opt imizat ion reconstructed scattered l i g h t  
i n t e n s i t y  p r o f i l e .  The i n t e n s i t y  values p l o t t e d  were 
d iv ided by the o p t i c a l  constant K o f  equation ( 2 )  f o r  
the comparison. The agreement between the two curves 
i s  excel lent  and can be used as a d i r e c t  measure o f  
the s ize  d is t rub i ton  inversion accuracy. 
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Figure 2. Comparison o f  the bimodal and t h e  
reconstructed l i g h t  i n t e n s i t y  p r o f i l e s .  

d i s t r i b u t i o n  
function, the i nverted s i  ze d i s t r  i b u t  I on func t ion  
f (a) (m = 1.33) and the mass f r a c t i o n  ca lcu lated 
f% the input  and inver ted d i s t r i b u t i o n  funct ions 
( the determinqtion o f  which i s  very important f o r  
impulse turb ine blade f l o w  passage design). The mass 
f r a c t i o n  i s  calculated by the equation 

Figure 3 presents the input  bimodal 

mass f r a c t f o n  -.c a3f(a)da / a3f(a)da (18) 
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this figure, the accuracy and uniqueness of the 
rained optimization size distribution inversion 

ethod can be seen. The capability for bfmodal size 
istribution inversions is very important to the 

understanding of nozzle flows since flow channeling 
and boundary layer-liquid film shearing action 
appears to cause complex particle size distribution 
functions [l8],[3Q]. Further calculational studies 
will be undertaken to determine the full range of 
applicabflity of this inversion technique. 

E~~ERIMENTAL LIGHT SCATTERING SYSTEM 

The purpose of this work was to develop an 
experimental procedure for the measurement of droplet 

. slze distributions in two-phase liquid-dominated 
jets, Figure 4 shows a schematic of the experimental 
arr~gement. A photograph of the actual nozzle 
installation as shown in Figure 5 illustrates the 
g m e t r  i cal complexi ty involved. 

ISTRIBUTIONS 

PARTICLE SIZE PARAMETER, u 

Flgure 3. Comparison of the input bimodal 
d 5 str i bu ti on f unct i on, the inverted di s tr i but f on 
function and their respective mass fractions. 

Figure 4, Schematic of the nozzle jet flow 
experimental arrangement. 

The scattered light intensity measurement i s  
based upon the use of a calibrated film. The light 
beam from a horizontally polarized He-Ne laser is 
shuttered and atteguated appropriately for the film 
sensitivfty (KOOM tinagraph sheltburst 2474 fllm 
was used) and aperatured to eliminate the scattered 

3--&6ence to a company or product name does not 
imply approval or recomnendation of the product by 
the University of California or the U. S. Oepartment 
of Energy to the exclusion of others that may be 
sui table. 

light from the optical components before traverslng 
through the nozzle jet flow, The light scattered 
from the droplets i s  collected with a lens 
combination and directed to the film plane at the 
focal length. The collecting lens system was 
designed after the arrangement used by Chin, et. al. 
Ell] + However, modification was necessary to 
eliminate spherical aberrations that can be 
encountered at the larger scattering angle 
measurments. ThSs was accomplished by using a 
combination of two 7 cm diameter 60 crn focal length 
plano-convex lenses In series to form an effective 30 
cm focal length system. This allows a scattering 
angle near 15 degrees to be monitored. 

Figure 5. Photograph of the two-phase nozzle 
arrangement as installed in the exhaust chamber. 

Each indtvidual piece of film is calibrated to ensure 
high accuracy because of possible variations in the 
emulsions and development processes. The film i s  
calibrated using a partially transmitting mirror 
combination, scanned for film density uslng a 
microdensitometer, and the film density converted to 
energy density uslng an adaptation of the analysis 
developed by Weaver, et. ai. 1311 I The light 
intensity measurements were corrected for extraneous 
scattering (optical components, windows, etc.) by 
subtracting the no flow scattered light intensity 
profile from the light scattering proflle with flow. 

50 100 150 200 250 
6i PARTICLE SIZE PARAMETER, a 

Figure 6. Comparlson of the sfze distribution 
functions obtained using a large particle inversion 
technique [131 and a photomicrographic count for a 
glass beads-i n-water pofydispersi on. 
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I 
An experimental demonstration o f  the op t ica l  

system was accomplished by subs t i tu t ing  a glass 
beads-in-water polydispersion i n  place of the nozzle 
flow o f  Figure 4. The scattered l i g h t  i n t e n s i t y  
p r o f i l e s  f o r  t h i s  polydispersion were determined 
according t o  the previous descript ion, and the s ize  
d i s t r i b u t i o n  func t ion  inver ted according t o  the large 
p a r t i c l e  technique o f  Sh i f r in ,  e t .  a l .  C131 . The 
p a r t i c l e  s ize  d i s t r i b u t i o n s  obtained f o r  l i g h t  
transmissions o f  35% and 21% are compared t o  a 
photomicrographic p a r t i c l e  count ( = 700 p a r t i c l e s  
counted) i n  Figure 6. The transmission o f  the  
dispersion was maintained > 20% t o  ensure dominant 
s ing le sca t te r ing  ef fects ,  as recomnended i n  l173, 
[29], and C321. The two p a r t i c l e  s ize  d i s t r i b u t i o n s  
and the  p a r t i c l e  count were normalized t o  equivalent 
areas under each curve f o r  the comparison. As can be 
seen from the f igure,  the agreement i s  excel lent. 

MEASURED NOZZLE JET FLOW DROPLET S I Z E  DISTRIBUTION 

For nozzle i n l e t  condit ions approximating 
geothermal wel l  head conditions, rectangular nozzle 
cross-sectional geometry with a very shor t  o p t i c a l  
path length was necessary f o r  the l i g h t  sca t te r ing  
measurements. The thickness o f  the  nozzle j e t  
p a r a l l e l  t o  the inc ident  laser  beam d i r e c t i o n  (0.325 
cm) was chosen shor t  enough t o  s a t i s f y  the s ing le  
sca t te r ing  requirement, bu t  large enough t o  avoid 
severe boundary layer  e f fec ts .  The nozzle th roa t  
he ight  was 0.635 cm w i t h  a rad ius o f  curvature o f  
0.318 cm. To avoid external  ( t o  the j e t )  sca t te r ing  
and exhaust chamber window wetting, a d i f f u s e r  was 
located imnediately fo l low ing  the nozzle- j e t  
measurement area (see Figures 4 and 5). 
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Figure 7. Comparison o f  the  measured and 
reconstructed r e l a t i v e  scattered l i g h t  i n t e n s i t y  
p r o f i l e s  f o r  the  nozzle j e t  f low experiment. 

The measured scattered l i g h t  i n t e n s i t y  p r o f i l e  
i s  shown i n  F igure 7. The measurement loca t ion  was 
the nozzle center l ine  approximately 1 cm from the 
e x i t .  The nozzle was operat ing with a two-phase 
steam-water mix ture a t  an i n l e t  pressure o f  690 kPa 
(6.80 atm), an i n l e t  q u a l i t y  o f  24.5% and an e x i t  
pressure o f  14 kPa (0.14 atm). The ordinate. o f  
Figure 7 i s  p l o t t e d  i n  a r b i t r a r y  u n i t s  because the  
measured l i g h t  energy densi ty  need not be converted 
t o  absolute i n t e n s i t y  (using the  o p t i c a l  system 

constants) unless the t o t a l  number o f  droplets  
traversed by the l i g h t  beam need be known. I n  t h i s  
way, the inver ted s ize  d i s t r i b u t i o n  func t ion  w i l l  be 
ident ica l  t o  the absolute s ize d i s t r i b u t i o n  except 
f o r  the d i f ference o f  a constant m u l t i p l i e r .  

Figure 7 a lso presents the reconstructed 
scattered l i g h t  i n t e n s i t y  p r o f i l e .  The eleven 
exponential s ize  d i s r i b u t i o n  funct ions fk( a ) shown 
i n  Figure 1 were used t o  ca lcu late the  ind iv idua l  
i n t e n s i t y  p r o f i l e s  (m = 1.33) f o r  the sum given by 
equation (6). and the constants C were determined 
using the opt imizat ion method o f  Poke11 f o r  the  s ize  
d i s t r i b u t i o n  inversion represented by equation (10). 
The agreement between the  measured and the  
reconstructed i n t e n s i t y  p r o f i l e s  ind icates h igh 
accuracy f o r  the s ize d i s t r i b u t i o n  inversion. 

The inver ted s ize  d i s t r i b u t i o n  func t ion  f ( a )  
and the r e s u l t i n g  droplet  mass f r a c t i o n  d i s t r i b f t i o n  
are shown i n  Figure 8. The waviness o f  the mass 
f r a c t i o n  curve i s  caused by a combination o f  t h e  
multimodal nature o f  the droplet  s ize  d i s t r i b u t i o n  
and t h e  degree o f  approximation afforded by the  
narrow band d i s t  ibut ions (the mass f r a c t i o n  i s  
propor t ional  t o  as, which ampl i f ies  any d i f ferences 
due t o  the degree o f  approximation). In te res t ing ly ,  
the droplet  s ize d i s t r i b u t i o n  has a modal diameter 
less than 1 rm, but the Sauter mean diameter i s  near 
1.8 pm and the mass median diameter i s  near 2.5 pm. 
This ind icates t h a t  the nozzle j e t  f low i s  dominated 
by a large number o f  very small droplets, but  they 
cons t i tu te  on ly  a small f r a c t i o n  o f  the t o t a l  droplet  
mass. I n  view o f  t h i s  information, i t  can be 
concluded t h a t  there are several poss ib le  d rop le t  
s ize d i s t r i b u t i o n s  occurring i n  the  nozzle j e t ;  The 
small droplets ( < 2.5 pm) can be associated w i t h  the 
core f low region o f  the  j e t ,  whi le  the  la rger  
droplets  are generated by the boundary l a y e r - l i q u i d  
f i l m  shearing act ion occurring along the nozzle wa l ls  
and p a r t i c u l a r l y  near the nozzle th roa t  (see C181 
and [30] f o r  s im i la r  conclusions concerning two-phase 
nozzle flows). 
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Figure 8. Measured s ize  d i s t r i b u t i o n  func t ion  and 
mass f r a c t i o n  d i s t r i b u t i o n  f o r  the  nozzle j e t  f l o w  
experiment . 

Measurements o f  the droplet  s i z e  d i s t r i b u t i o n  i n  
nozzles w i t h  small j e t  widths as used f o r  t h i s  work 
w i l l  produce information t h a t  I s  biased towards the  



la rge droplet  sizes because the nozzle wal l  boundary 
e f f e c t s  are much more s i g n i f i c a n t  than would be found 
i n  the f u l l  s ize  impulse turb ine nozzles. Thus, the 
measurement presented herein i s  conservative, i n  t h a t  
a greater f r a c t i o n  o f  the l i q u i d  mass would be 
expected t o  be present as small droplets f o r  the  
impulse turb ine blade f low using s imi la r  but  larger  

SUMMARY AND CONCLUSIONS 

. cross-section nozzles. 

1) A new method for the determination of small 
p a r t i c l e  s ize d i s t r i b u t i o n s  from m u l t i p a r t i c l e  l i g h t  
sca t te r ing  measurements o f  the scattered l i g h t  
i n t e n s i t y  p r o f i l e  has been developed. Numerical 
experiments ind icate t h a t  the technique has the 
c a p a b i l i t y  t o  i n v e r t  bimodal s ize d i s t r i b u t i o n  
functions, which i s  important t o  the understanding o f  
two-phase 1 iquid-domi nated nozzle flows. 

2) An o p t i c a l  arrangement has been modif ied t o  
e l iminate spherical aberrat ions f o r  the  larger  
sca t te r ing  angles requi red f o r  the small p a r t i c l e  
measurements. The use o f  the  o p t i c a l  system f o r  
l i g h t  sca t te r ing  measurements was demonstrated using 
a g 1 ass be ads - i n - wa t er  po 1 yd i sp e r  s i on. 

3)  An experimental measurement of the droplet  
s ize d i s t r i b u t i o n  i n  a two-phase, single-component, 
liquid-dominated, steam-water nozzle j e t  was 
accomplished. Results ind ica te  the s ize d i s t r i b u t i o n  
Sauter mean diameter i s  near 1.8 crm but  the mass 
median diameter i s  near 2.5 pm. 
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