
 

 

 
Best  

Available  
Copy  

 



CM
O

rH
O
O.

;'«73

0° DOWNEY PLANT
RESEARCH AND ENGiNEERING DIVISION

THE ATOMIZATION OF A SOLUTION

OF
2. 4-DIHYDROXYBENZOPHENONE IN BIS (2-ETHYLHEXYL)

HYDROGEN PHOSPHITE

A Special Report 

Under

Contract DA-18-1O0-4O5-CML-829 

Report 0395-04(20)SP / May 1964 / Copy '4'*

DDC^

JUN 11 1%4

a
OCX: IRA B



AEROJET-GEN ER AL CORPORATION 
Research and Engineering Division 

11711 Woodruff Avenue 
Downey,   Califorma 

THE ATOMIZATJON OF A SOLUTION 

OF 

2, 4-DIHYDROXYBENZOPHEKONE IN BIS (2-ETHYLHEXYL) 

HYDROGEN PHOSPHITE 

by 

P..   E.   Brown 

Inventigations Under  U. S    Army Chemical Center 

Contract DA-18-108-405-CML-829 

0395-04(20)SP 

Reviewed by 

Approved by 

^2 Mgr Date:       fe Mav 1964 
R.   B.   MorT?n»en,   Head 
Terminal Ballistics Dept 
Research Division No    of Pages 53 

XL_£ 
H.   J.   Fisher,   Head 
Research Division Classification     UNCLASSIFIED 



ACKNOWLEDGMEN1 

The authar acknowledge» the t ontr ■butionB that  A    Armstrong 
and K     Harr.s  n^ade  in preparing this  report     particularly  in 
the experimental  phases 



SUMMARY 

An experimental «tudy wai made of the drop-iiee distribution« obtained 
on injecting a liquid «olution composed of,   by weight.   15% 2, 4-dihydroxy- 
benrophenone in 85% bit (2-ethylhexyl) hydrogen phoaphite into nitrogen 
gat stream« at «onic velocity      The liquid «olution wa« introduced into 
the gas stream through a single injector and through triple injectors 
Variations were imposed in the flow rates of both liquid and gas,   and in 
the temperature of the gas      The collected aerosol droplets were sued, 
counted,   and described mathematically using a modified form of the 
logarithm (log)-probability distribution function (Reference  1)      The 
parameters of the distribution function are shown to vary directly with 
the flow rate ratio of liquid to gas 

Equations were determined showing the variance of the two log-probability 
parameters      These equations were developed using the same form as 
that of the Nukiyama-Tanasawa relationship (Reference 2)      This exten- 
sion of the Nukiyama-Tanasawa equation enables predicting the particle- 
size distribution  rather than just a mean diameter of the distribution 

The experimental data are also shown to generally agree with the result« 
of other investigators 

—Ä 
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1.        INTRODUCTION 

In thi. inve.tig.tion.  it i. attempted to de.cribe .ome of the important 
oarameter. of a pneumatic atomUation procei. in winch a gai at ele- 
vlted temperature, i. u.ed a. one of the component, of the .y.tem; and 
the .econd component i. * .olution.    The exfect of the important 
parameter, on a di.tribution function are empha.iaed. 

A liquid jet exiting from a re.tricted orifice will have o.cillatcry di.turb- 
»nce. cau.ed by .urface in.tabilitie..    The.e initial di.turbance. may 
re.ult from one or more of the following factor.: 

a Surface ten.ion 

b. Inertia force. 

c. Imperfection, of the noaale orifice 

d Turbulence of the liquid 

e. Efferve.cence of a dia.olved ga. or liquid or .olid impuritie. 

All of the.e factor, may occur .unultaneou.ly or overlap one another 
The.e dLturbance..  without the aid of any other force,   re.ult in droplet 
formation becau.e of the rc.toring propertie. of .urface energy.     The 
droplet, formed,   or which could be populated from di.turbance. in the 
liquid jet.   can then be con.idered to be the maximum .i«e. introduced 

into the ga. .tream 

The ga. .tream can then fracture exi.ting droplet.,   or the liquid jet. 
both of which are product, of the initial jet in.tabilitie..    In .o doing, 
•mailer droplet, are formed,   and if the ga. ha. a higher temperature 
than the liquid,   initially .ome vaporisation of the liquid will re.ult.    In 
a .y.tem in which .olution. are involved and aa.uming that eutectic 
mixture, are not pre.ent.   th* component having the lowe.t .pecific heat 
will be vaporired fir.t.    Thi. lead, to droplet, of different compo.ition. 
and .olid particle, that were initially di..olved or .u.pended. 
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It it therefore apparent that in most atomisation procesaes a rang« of 
particle aicei ia produced.       In deacribing the droplet aisea it ia deal- 
rabie to have a method that not only completely deacribea the diatri- 
butiona but alao relatea changea in diatributiona to the phyaical properti«« 
influencing the breakup mechaniam. 

An experimental etudy waa made of the drop-ai«e diatributiona reaulting 
from apraying a «olution compoaed of 15% 2, 4-dihydroxybensophenone in 
bis(2-ethylhexyl) hydrogen phoaphite.    The flow-rate ratioa of gaa-to- 
liquid (aolution) were varied aa well aa the initial temperature of the gaa 
(nitrogen) and the method of liquid injection Into the gaa atream. 
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2. EXPERIMENTAL TECHNIQUES 

2. 1      HOT-GAS FURNACE 

An electrically heated hot-gas furnace (Figure  1) wa. employed to .upply 
nitrogen gat for atomiration      Thr» gat tource wat uted in cold and hot 
gat experimentt.    Thit furnace contittt of a center pebble bed column. 
The pebble bed and the column are compoted of 99. 9% aluminum oxide. 
Surrounding the ceramic column are four U-thape molybdenum 
ditilicide (Kanthal-Super) heating elemente      Thete element! trantfer 
energy to the pebble bed.    Thit energy it.   in turn,   trantferred to the 
patting gatet. 

The furnace hat three different ronet of compotition firebrick and it alto 
intulated to that at maximum operating temperaturet (between 2 500 and 
3000'F) the temperature of the furnace wall never exceeds 200^. 
Thermocouplet and pretture trantducert are located at vanout placet to 
that the temperature and pretture can be both monitored and automatically 

controlled. 

2. 2     ATOMIZATION 

The liquid being atomited it ttored in a conttant ditplacement injector 
(Franklin Inttitute.   Reference  1).    The injection into the gat stream takes 
place outside the furnace (Figure 2).     The gas from the furnace emits 
from a venturi no«le and mixes with the liquid being injected perpendicu- 
larly to the gas stream,   through a 0. 027-in. tube      Three liquid injectors 
were also employed to determine if any difference in particle-sue 
distribution would result when this type of injection replaced a single 
injector. 

2. 3      AEROSOL ASSESSMENT 

The liquid solution was atomned through a short duct,   approximately 
6 in   diameter and 3 in   long,   into an aerosol test chamber (21   5 ft 
diameter by 24 ft high)fFigure 2)     Glas, slides placed on the chamber 
floor before the test began w«r« ut«d to collect the droplets that fell from 
the aerotol cloud     The sampling period for all of the tests was 30 mm. 
enough time according to Stokes equation,   for all particles equal to or 
larger than 7 ^ to fall out.     At the end .A this period a 6-min air sample 
was taken and collected on millipore filters to determine the mass 
fraction of airborne droplets      Approximately 4 cubic feet of ai' were 
sampled. 
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ZA       PAHTICLE-SI/E DISTRIBUTIONS 

The  rmcroHcupe  si.de. cuntammg the droplets ^ere photomicrog raphed 
under  a   17   - rn.1({n vlic at K>n       These photomicrographs >*ere then projected 

onto  a   screen and manaady   c wanted by using  a  pair of electronic   calipers 

Each experiment ^as counted bv at  least t*o counters      Each c o inter 

analyzed half of an  experiment. 

The   spread factor   of the   1 S^c  solution  of  2. 4-dihydrox > benzophe none   m 

bisU-ethylhexyl) hydrogen phosphite -as determined at mam   different 

droplet  sues.     The mean  spread factor  of the   solution -as 0   4 JO  :   0   U 1-> 

for   S2  individual determinations.     The  spread factors *ere determined b. 

directly measuring  the he^ht and diameter  of the  lens-shaped  droplet, 
on  microscope   slides  coated -ith  Aer.sol  O-T"  solut.on.      The   volume   ot 

the   lens and the  diameter  of the   sphere  ^ith  the   same  volume  vvere then 
computed       The  ratio of the   spherical  diamete r-to-lens  diameter  is  the 

spread factor. 

The  particic-swe distributions *ere then fitted to mathematica. functions 

(Reference I)      Both the  Weibull, 

x ß 

Y   =   l-.e ' a dx "> 

o 

and the loganthm-probabi 1 ity functions v*ere  considered 

x ( In x   - In  xn) 

1 e 2  In   (T |2\ 
d In x 

2 »  1 nir 

vchere  Y is the  cumulative fraction of droplets having a diamete r_ equal to 
or   less than x.    a,   ß.   and V are distribution pa rameters as a re x and <J 

however the  latter  tvc o ar« trie geometric   mean and standard deviation u 

the  gei metric   mean,   respectively. 

2   5      CHEMICAL ANALYSIS 

Both the glass slides and millipore filters were assayed for bis** and 
uvinul***      The procedures used are discussed in References   i  and 4 

 ♦wisher CKTSiical Co   .   New York.   N. Y. 
• ♦Bis will refer to bii(2-ethylhexy I) hydrogen phosphite 

• **Uvinul will refer to 2, 4-dihydroxybentophenone      Uvinul-400 is the 

commercial narre for this compound 
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D1SCUSSIUN  OF  RESULTS 

It was found that all  of the distributions  coild be described by both the 

Weibull and modified logarithm-probability functions (Reference Z).     The 

cumulative frequency data c  >uld be  reproduced by both equations to *ith- 
in   0   8J% 

No  relationship between the   parameters  of the  Weibull  distribution and the 

experimental   conditions of the  at imi/ation   study  could  be  found.     Relation- 

ships \A,ere  found,    hov.e\er,    between  both  modified parameters  of the log- 
probabilit v   f unc tion  and the  f IONA. - rate   rat 10 of liquid to gas.     All  of the 
results  are  therefore  based on the   log-probability  distribution. 

i   1      DISTRIBUTION  PARAMETERS 

The  loga nthrr.-probabil it\   function   is defined by, 

*       Mnx-ln  x ) 
r _ 

/ Z   In      a 

',«. h( 

the geometric  mean (4) 

and 

I 
El      ( lr. x    -   In  x) 

i 
In   ■'  ———   —    —■ ,      the variance about In t (5)- 

Y   is the   cumulative   fraiti,,n   ol   particles 

When  Equations  4  and  S \*ere  used to define the  cumulative  distribution  curve 
(Equation   i),    there  \» a s a  poor  correlation   between the  experimental data 

and the  curve       Graphua.lv,   however,   the data gene ra lly defined a it raight line 
on  log -probabilit\   paper      A best-lit  lurve *as therefore generated on a 
computer  to  fit  the  data  points,   x  and a   being   redefined only to provide this 

best  tit       FX   and  S were  designated  the  two new  parameters       This  compu- 
tation  is des< nbed  in   Reference  Z 
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The experimental  results are included in Appendix A of this  report.   Tables 
A-l through A-6.     GM and GSD are the geometric mean diameter and the 
standard deviation of the geometric mean,   respectively,   as defined in 
Equations 4 and S.     MX is the mass median diameter calculated from the 
equation and MMD is the experimental mass median diameter.     Unlike the 
frequency data,   the ma ss data did not agree.     The mass median diameter 
could only be predicted to within 8. 7n of the experimental quantity. 

}. 1. 1 Relationship Between Distribution  Parameters 
and the  Flow   Ratio 

A relationship exists between the experimental mass median diameter, 
"mmd-   and the  Oow-rate ratio of hquid-to-gas for each series of experi- 
ments.     The results are graphically  interpreted m Figures 3,4,   and 5. 
Included in these figures are the  results of the computed mass median 
diameter  MX      The figures,   although only within t8. In of the experimen- 
tal MMD.   als.    show an increase wi'h the flow  rate of hquid-to-gas. 

There is no significant difference between the results of single and triple 
injection      This is also true when the second distribution parameter S. * 
is plotted against the flow-rate  ratio (Figures  6.   7,   and 8)       Both functions 

are of the type : 

a  ■♦•  b (w,/w    )C (6) 
mmd 1      g 

and 

a . a' + b' (w/w   )C (7> 
1       g 

where a,   b,   and a ,   b    are constants lhat depend on the physical properties 
of the liquid,   and a and a' also depend on the  relative velocity of the gas-to- 
hquid.     That 'S,   at an  infinitely  small  liquid flow rate (analogous to a single 
droplet exposed to a fast moving gas  stream),   there is no dependence on 
flow  rale,   but only en the intrinsic  prcperties influencing the droplet stability. 

"jwill now   reler to S.   the modified distribution parameter. 
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Figure 3.    The   AtomUation   of   Uvinul-Bl*   7* F. 
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From these t\»/o parameters,   a complete mass distribution can be derived 
by inserting them  into Equation  3 where x      "rp,^ ' ^   and 0'   ' a' 

Thus,   the distribution that  represents the breakup of a  single droplet in a 

fast moving gas stream is 
2 

(In x     -  In a) 
, x. i 

2 
1 ; 2   1 n     a 

m   ' •yZw   In a'      J 
o 

Y      - cumulative mass fraction from o to x 
m ' 

dlnx (8) 

J. 1.2       Relationship between Distribution Parameters 
anü Mean Diameters 

Not only can the distributions be reproduced but also various mean diameters 
may be calculated directly from Xj^^j and a        For example. 

In x,      ^  In x - 2. S  In a (9) 
10 mmd 

In x,      =   In x - 2. 0  In  <r (10) 
20 mmd 

In x,,   ^   In x .   - 0. S  In a U1) 
32 mmd 

The Sauter mean diameter,   commonly used to describe distributions,   is 
shown in Figure« 9.   10,  and  1 1. The data in these figures are calculated 
from the experimental  distributions.     The Sauter mean diameter was also 
calculated from  Equation   1 1  first using xmm{i   and S and then Xf^x   and S. 
The largest deviation in a set of data (Tables A-l through A-b,   Appendix A) 
was J 2. 9 (standard deviation) calcilated from xmmd,    and t  5. 65 calcu- 
lated from Xp^j,        These values represent errors of i   7. S and  .4. 3% 
respectively. 

3  2      CORRELATIONS WITH SINGLE DROPLET BREAKUP 
THEORY 

It can be assumed that jet and droplet breakup yield the same  size distri- 
bution except that in jet breakup there  is considerably more  coalescence 
resulting from droplet-droplet impaction      Therefore,   the droplet sizes 
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produced in jet breakup increase as the probability of ■    alescence or 
the liquid flow rate increases.     The droplet sizes,   x .   can then be 
assumed tr« be an additive quantity: 

x  = a + b   (w./w   ) 
1      8 

(12) 

Where a depends upon the same conditions as single droplet breakup,   and 
b on the probability of coalescence and tie useful energy transfer,   for 
breakup,   from gas stream to liquid.     In the Andersen-Wolfe (Reference 5) 
treatment of droplet breakup,   an equation is derived that predicts the mass 
median diameter      If this equation is  solved for the experimental conditions 
in this study,   a uroplet size defining an infinitely small   v^/Wg    is found. 

Andersen-Wolfe  Particle-Size Equation: 

xmmd  ' m*'8 rnedian diameter 

3/2  „   1/2 -i 

Z       1/2      4 
Pa     Pj 

1/J 

1 i) 

whe re, 

ll 

"1 

V 

136 

(dyne-sec) 
viscosity of liquid,   poise  «  

cm 

surface tension of liquid dynes/cm 

density of liquid,   gm/cm 

initial drop diameter,   assumed to be the injector 
diameter when a  liquid jet is employed,   cm 

relative velocity,   cm/sec 

dimensional constant (theoretical) 

The physical properties of a solution composed of  1 S?   Uvinul-Bis are 

TV =13   1 centipoise   - 0   1 31  poise 

a . r   28. 6 dynes/cm 

3 

1 
0   9S9 gm/cm' 

1. 366 x 10' 

The liquid injector diameter wa. 0   0686 cm.     The  relative velocity is 

3. 285 x 104 cm/sec. 
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Therefore,   the mass median diameter of an aerosol produced when a liquid 
is injected into an infinitely large gas  stream,   having the above properties 

i s: 

mmd 
\Jb (0. 1 H) (28. b)3'     (0. 0686) | 

-521/2 44, 
(1    i66 x   10      )     (0, 9SQ) (3   28S x   10   ) J 

-,1M 

(14) 

x -  6. 94 n  (mass median diamo'er) 
mind 

E.   Mayer  (Reference  6) derived an expression for  the average droplet size 
obtained on primary atomization.     He analytically  investigated atomization 
in high velocity gas streams by considering the behavior of the gas-liquid 
interface in the  regime of capillary wave propagation.     With given fluid pro- 
perties (p    ,pi   ,0]   , r|]  ) and relative velocity V,   it was shown that all wave- 
lengths exceeding a minimum value will grow at an exponential rate char»c- 
teru ed by a time mooulus dependent on the wavelength and the fluid parameters. 
Mayer  postulated that when the gas stream-induced wavelength has grown to 
an amplitude comparable to the minimum wavelength,   the crest of the wave 
is  shed as a ligament from which the droplets of diameter x   also proportional 
to the  wavelength are  formed      The expression  is: 

. 9T-\ ib n / 
r. 
"i /pi 

2/J 

(15) 

71   2  B 
'P, 

P      V 

:/} 

(16) 

Calculating,   then,   the  predicted diameter for the atomization of a drop com- 
posed of   1 S% Uvinul-Bis, 

x 
B 

44p 

Assuming B ^ 0    30 from Mayers correlation of Weiss'  results (Reference 7) 

then x    ;   H   2^1 
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Weis« and Worsham experimental!v  stud.ed the  atomization of molten v^axes 
m hot a^streams (Reference  7)       The hquid.   a  molten  svnthefc *ax  (Acra^ax 
C    manufactured by Glyco  Products Co, ) was injected into a.rsf.eams havmg 
a large c ross - section,   thus a  large  mass flow  rate when  compared to the 
liquid flow   rate.     The  liquid  solidified downstream and the collected solid 
particles were analyzed by  the  sedimentation and  sieving methods      The 
results were correlated empirically by a dimensionle ss equation: 

XP    v2 /vn, ^  ' 10  M    wi "i V J 
1/12 

a i , . ■',      '    '__•. ..;' ii7) 

'1 ■' M   ', ^1 •    \        ^l4 

or
 1 M *       v ,1/12 

'an      i '    ' ' 10    P   ^       wi   pi   CTl   T1
< K       _     I ,  + a I      1      I     a (1H) 

x   "  p 4 ►', ■* 

a V ' ^1 

where 1    is the viscosity of the gas,   and  w,   is the mass flow rate of liquid. 
K is an experimental constant equal to 0. 61 

Faking the data from Tables A-l  and A-2.   Appendix A,   in which the liquid 
flow  rate was  1   OS gm/sec.   at.i plotting against    Wi'Wg    gives Curve   1   in 
Figure  12.     From Weiss' equation,   a mass median diameter of 20^ is ob- 
tained when the  relative velocity   .9   i   28S x   ID4  cm/sec       If Carve   1 is 
extrapolated,   it appears that a value of 20^  is approached 

Although the data in Tables  A-5 and A-4.   Appendix A.   and Figures 2  and S 
are the results of atomization experiments  in which the  initial gas tempera ■ 
tare was 8}3#F,   a careful  evaluation of the equilibrium gas-liquid tempera- 
ture  showed that the  equilibrium temperature was close to 7S'C,   assuming 

at least a 70% heat transfer efficiency: 

C       (T 
p*        7 c  'T2 - V 

(19) 

The properties of the  15% Uvinul-Bis solution are illustrated in Figures 
A-l.   A-2,   andA-i.   Appendix A      Under these conditions,   the mass median 
diameter calculated is  11. 3* and an extrapolation of Curve 2 results  in a 

close cofnpanson. 
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i    i CORRELATIONS \MTH OTHER  ATOMl/AllON STUD1F.S 

Nukiyama and   lanaSav.a (Reference 8)  investigated the   relations hip be,. ee„ 

the fineness  of rmst  generated from  small  airblast atomizers and the 

operating variables  and physical proper  us  of the  l.qu.d or  solution 

results  are embodied in the empirical formula 

, he si 
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Bitron (Reference 9)  carried out further   studies on airblast atom.zers  h.-vm. 
divergent air   c hanne U * he re a,r  c ould e xc eed  son ,c   velocities       Bitrons 

work thus suggests  that the  N-T equations,   although developed from expen- 

mentat.on at   suosomc   velocities,    can  be   extended  to  sonic    and   supersonic 

veloc it les 

The first term  in  Equation 2 1   is  similar   to equations by    \nde r sen - W  -Ife 

and  Mayer,    therefore  . one luding that   S8 S    a / VxF  describes a  mean droplet 

size for  single droplet breakup      For  the  conditions at  7   F  it  also predicts 

a quantity close to that of  Ander sen - W olfe  and  Mayer       It must be noted that 

the latter tve o equations predict a  mass  median diameter whereas the N- 

equation predicts the Sauter  mean diameter      Generally,   the difference 
„„,,11   n, 1 n J       Thev are all  consistent  in  show, ing 

between the  two is  small U}2 ummd       1 "• V a 

a dependence  of  D on 

1 / p 1    i       - 4 / J - 1        -16 - \ ' i 
^  a

lU tea        .V to V      . P, to P 
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The results of arom^ng the  solat.on of  1 S% Uvmal-b.s at various tempera- 
tures  in terms of the Sauter mean d.ameter appear in Figure   14      The 
result,  of the  atomi.at.on experiments at  TV are  shown w.th the predicted 
curve derived from the N-T equation m Figure   IS      The correlation, 
although not too good,     s sim.lar to that obtained by Gordon (References   10 
and  12) and N-T showing Urge d.fference  in the  region where  Q^ 

becomes  small 

Equations of the form, 

a   ♦ b (Q,/Q    x   loV (22) 

mmd 1      g 

and 

a    .    a'  ♦ b' (Qj/Q    x   103) C <2)) 

were found for the cold-gas atomiza.ion  results       These equations resemble 
the Nukiyama-Tana.awa equation,    in which the Sauter mean diameter,   x^ 

can be predicted 

The equations were 

J  1   63 
x -    }   19 + 49   4 (O / Q    x  10   ) 

nnmd '      8 

x .    3 1   9 + 33   0 (w /w   ) 
mmd '      8 

(2») 

1   59 ,25, 

o    :    1   85 + 0  69 (Oj/O    x  10   ) .   and i^) 

1   5° (27) 
„    =    1   86 + 0  41 (Wj/w   ) '      ' 

Similar equations for the atom.ration exper.ment at 833 = F were also deter- 

mined      They are 

x =    17  9 + 46   8 [QJO    x   10   ) l^0' 
mmd '      8 

I   49 (291 
x -17   5 + 1*.   1 (w/w

0) 
mmd '       * 

0    -.    i   83 + 0  43 (Qj/Q   x 10   ) ,JU' 

1   50 (3 1) 
o    -.    ,   83 ♦ 0   33 (Wj/w   ) (     ' 
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Equations, of a similar form, viere determmfd relating the Sauter mean 

diameter and flow, rate ratios from these studies of Uvinul-Bis and those 

of Gordon (Refereme   \i\ lor the atomization uf pure Bis       They are, 

i  v)   9 1 
x 1 0   b  ♦  S6   b (Q 'Q    x   10   ) (Bis) (Reference   12) (32) 

i2 1      H 

KW 
24   »   ♦ 2H   2  (Q    Ü    x   I 1   ) '      Bis-Uvinui) (il) 

No overall lomlusions  can be made  regarding these equations as to the 

influeme of physnal properties,   flow,   rate ..onditions.   or  relative velocity 

because of the limitations  of the properties  investigated      It  is  important 

to note,   however,   that the  values  of (c)  in Equations 24 through i\  corres- 
pond  closely to  1    S,   the value found in the Nuk .yama - Tanasawa equation 

Figure   16 shows  the difference  in the  Sauter mean diameter due to the 

viscosity of  the  liquid       The   results  of  Aerojet   experiments  at   18b8°F 
are compared with the atomization of   di - isooc tylphthalate and bis (2- 

ethylhexyl)  hydrogen phosphite in air by  investigators at SRI (Reference 1 1) 

Upon extrapolation (as wi'w    becomes  small») the dependency of the Sauter 

mean diameter upon viscosity is approximateK  x)2 1 assuming a 

constant viscosity  ratio with temperature 

3   4      FINE AEROSOL DROPLETS 

As the gas flow and temperature increase,   the fraction of fine droplets left 

suspended in the  aerosol  chamber  increases       These droplets were not 

included in the  size distributions,   but were treated separately       The 
results of this analysis appear in Figures   17 through 20 and are summarized 
in Figures  21  and 22      These curves  show the  same type of trend as those 

describing part ic le - size distribution       An additional experimental series at 

1382^.   appears   in  Figure   19      Particle-size data were not  obtained for 

this  se;les 

♦ When w|/wg becomes  small the thermal energy r.ted to vaporize the 

liquid becomes   small 
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Figure 17.    Percent Airborne vs Volumetric Flow Rate Ratio Mass 
Airborne Represents Droplets less Than 7 Microns (Diameter) 

Gas Temperature 7°F. ^ 
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FiBure 18.    Percent Airborne vs Volumetric Flow Rate Ratio Ma«. 
Airborne Repre.ent. Droplet, le.. Than 7 Micron. (Diameter) 

Ga. Temperature 833" F. 
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Gaa Temperature 1383*F. 
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Figure 20.    Percent Airborne v« Volumetric Flow Rate Ratio Maae 
Airborne Represents Droplet* less Than 7 Microns (Diameter) 

Gas Temporature 1868'F. 
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CONCLUSIONS AND RECOMMENDATIONS 

Specific relationships for the atomiration of a solution composed of 15% 
2 4-dihydroxybenzophenone in 85% bi8(2-ethylhexyl)    hydrogen phosphite. 
hy weight,   can be made between the flow rate ratio of gas-to-solution 
and the modified parameters of the logarithm-probability distribution 
function.    The suggested relationship between these parameters and the 

flow rate ratio are 
c (34) x     =     a + Mwj/w   ) 

and 

a    =    a' +b' (Wj/w  )C' (35) 

By inserting these two equations into the log-probability distribution 
function,   a method is obtained for determining the cumulative distribution 
resulting from the atomiaation of a liquid or solution with given physical 

properties 

2 
-(Inx. - In [a + b (Wj/w  )Cj 

1   rXi 21n2 [a- +b' (Wj/w^    dlnx 
Y   "V^  In [*' +b' (^^g)0']  Jo     e 

(36) 

a is defined as the mass median diameter expected for single droplet 
breakup and can be described by the derived functions of either Wolfe- 
Andersen or Mayer.    Figure 23 shows the variation of the mass median 
diameter with relative velocity as reported by Wolfe and Andersen for 
pure bis      The experimental points show good correlation with their 
theory,   indicated by the curve in this figure.    There also appears to be a 
relationship between <r and the relative velocity for this same experiment 
(Figure 24).    It is suggested therefore that a' is a function of the relative 
velocity and other physical properties,   probably the same as those which 

define a. 
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From the results of this study c and c' seem to be constant and very close 
to 1. 5 as found by Nukiyama and Tanasawa.    Undetermined are the factors 
b and b' which should be similarly defined as the second term in the 
Nukiyama-Tanasawa equation. 

For single droplet breakup the term 

c 
b(w,/w  ) 

1      g 

and 

b^w/w   )C 

1     g 

become insignificant as compared to a and a',   respectively.     Therefore, 
the cumulative   distribution for single droplet breakup becomes 

-  (In x.  - In a)2 

V^Tln 
_    r"1    e 21n2a, dlnx (37) 

The mass fraction of aerosol below 7 microns,   unconsidered in the 
droplet-size distribution treatment,   is also shown to be a function of the 
flow rate ratio.    In the experiments atomized by nitrogen at 7"F the mass 
median diameter was determined of 90% or more of the particles when 
the mass flow ratio,  wi/wg was *     .4 .     In the experiments at 833* F,   90% 
or more of the mass was considered at mass flow rate ratios =1.0.    In 
each of these experiments therefore the true mass median diameter is 
slightly lower than that found.     It would be expected that the a term will 
be lowered thus resulting in a closer correlation of the mass median 
diameter with that predicted by Wolfe-Andersen and Mayer. 

A comparison of results between this investigation and those conducted by 
Nukiyama-Tanasawa* generally agrees. 

It is recommended that in future studies an attempt be made to relate the 
surface tension,   viscosity,   density,   and relative velocity to the resultant 
droplet-size distribution by use of the suggested distribution parameters. 
Also methods of including the entire size range produced in the analyses 
should be det^Tnined. 

♦Nukiyama-Tanasawa considered droplets greater than 10 microns. 
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APPENDIX A 

Table A-l.    Atomization at TO^F,  Single Injector. 

QL/QG WL/WG GM FX GSD MX MMD 

0.218 x 10"3 0.277 10.66 10. 40 2.00 2.06 50.59 49.36 

0. 156 0. 198 9.47 9. 31 1.93 1.96 36.61 32. 15 

0. 178 0.226 10.87 10. 68 1.82 1.86 34.04 31.98 

0. 142 0. 181 11. 13 10.97 1.81 1.78 29.89 33.98 

0. 123 0. 157 11.63 11. 78 1.73 1.71 28.09 28.62 

0. 142 0. 181 10.77 10. 73 1.83 1.78 29.62 28. 16 

0.210 0.267 11.48 11.48 1.80 1.82 34.22 33.35 

0.399 0.506 14.58 14.53 1.99 1.92 53.12 49.69 

0.448 0. 568 11.82 11.55 2.04 2.08 58.29 53.32 

0.645 0.818 13.25 13.49 1.93 1.95 51.99 49.86 

0.581 0.736 14.86 15.44 1.85 1.87 50.40 53. 14 

0. 394 0. 500 12.43 12.40 1.89 1.90 42.81 41.07 

0.537 0. 680 10.92 10. 69 2.03 2. 11 58. 14 49.66 

0.882 1. 116 10. 08 9.03 2.09 2.47 105.54 87.60 

0. 664 0. 842 10. 13 9.91 2. 08 2. 14 57. 19 48.49 
0.810 1.026 9.74 8.97 2.07 2.30 72.47 73.78 

0. 620 0. 785 11. 14 11.06 2.04 2.05 52.03 44.42 

0.679 0.860 10.85 10. 67 2. 08 2. 15 62.79 58.42 

0. 789 1.000 10. 49 10. 13 2. 08 2.23 71.26 55. 17 

0.552 0.699 10.81 10.73 2.06 2. 10 56.09 46.29 
0.945 1. 195 9. 60 8. 79 2. 12 2.46 99.98 70.94 
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Table A-2. Atomization at TF, Triple Injector. 

QL/QG WL/WG GM              FX GSD ±             MX MMD. 

0.219xl0_3 0.279 10.71 10.64 1.87 1.95 41.05 44.98 

0,223 0.284 10.04             9.88 1.88 2.01 43.48 43.48 

0.159 0.202 11.07 10.87 1.87 1.83 32.87 31.03 

0.129 0.164 9.95            9.95 1.94 1.85 31.50 28.67 

0.696 0.881 12.36 12.24 2.09 2.13 69.44 56.68 

0.591 0.747 12.86 12.76 2.08 2.13 71.17 59.42 

0.506 0.640 13.40 13.42 2.10 2.06 64.63 54.63 

0.472 0.599 13.86 13.69 1.91 1.90 47.93 44.04 

0.414 0.525 16.29 16.29 1.89 1.86 52.38 49.87 

0.395 0.500 13.11 13.25 2.07 1.92 48.12 42.75 

0.674 0.855 9.93            9.58 1.98 2.06 46.07 45.58 

0.856 1.086 10.45            9.59 2.09 2.39 93.73 85.43 

0.539 0.683 10.39 10.01 2.02 2.08 50.29 48.07 

0.608 0.770 10.31            9.84 1.97 2.10 52.34 63.23 

0.527 0.668 11.24 10.99 2.08 2.13 61.16 54.84 

0.890 1.128 10.65            9.78 2.06 2.37 93.15 87.21 

0.603 0.763 11.96 11.69 2.04 2.04 53.90 53.16 

0.781 0.989 10.55 10.12 2.17 2.36 93.33 68.96 

0.659 0.336 10.10            9.79 2.14 2.17 59.62 48.85 
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Table A-3.    Atomization at 833^,  Triple Injector. 

QL/QG WL/WG GM FX GSD MX MMD 

0. 902 x 10"3 1.88 7.46 6.19 2.00 2.52 82. 16 67.81 

0. 902 1.88 7. 75 6.69 1.98 2.41 69.22 68.88 

0.948 1.96 7. 60 6.36 2.07 2.56 90.24 70.99 

0.774 1.61 6. 89 5.77 1.97 2.41 59.31 53.24 

0.708 1.47 6.92 5.97 1.90 2.24 42.53 43.80 

0.692 1.44 7. 60 7.03 1.89 2. 11 38.17 35.26 

0. 608 1.26 7. 58 6.77 1.87 2.16 40.17 49.31 

0. 548 1. 14 6.93 6.17 1.88 2. 15 36.06 35.09 

0.541 1. 13 6.93 6.30 1.90 2.14 35.88 33.30 

0. 634 1.35 

0. 571 1.19 

0.571 1.19 

0.442 0.92 7.85 6.48 1.76 2. 18 40.43 3? 21 

0.439 0.91 

0.401 0. 84 

0.216 0.45 7. 10 5.52 1.71 2.22 37.88 36.36 

0.216 0.45 6.54 4.42 1.66 2.41 45.54 37.38 

0.216 0.45 

0. 162 0.34 4. 31 4.34 2. 18 2. 18 27.30 23.86 

0. 144 0.30 6. 16 6.32 2. 16 1.99 26. 51 25.45 

0. 143 0.30 7.44 7.60 2. 11 1.86 24.36 21.00 

0. 128 0.27 4.93 5. 11 2.21 2.07 25.33 21.00 
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Table A-4. Atomizati» on at BJJ-J t ,   oingic i 

QL/QG WL/WG GM FX CSD 2 MX MMD 

0.888 x 10' 1.87 6.62 6. 34 2. 10 2.28 48.79 53.71 

0. 774 1.61 8. 61 8.81 2.00 2. 12 48.58 49.47 

0. 674 1.40 8. 30 8. 46 2. 17 2.22 57.86 49. 17 

0. 597 1.24 7.86 7. 66 2.12 2.29 61.20 51. 16 

0. 539 1. 12 6.79 7.21 2. 19 2.26 53.82 40. 50 

0.488 1.02 5.39 5. 60 2.43 2.34 49.97 32. 89 

0. 689 1.44 7.62 6.93 2.08 2. 33 59.97 43.86 

0.684 

0.625 

0. 509 

1.42 

1.30 

1.06 

6.84 

8.35 

7.36 

5.83 

7.75 

6.86 

1.95 

2.04 

1.92 

2. 34 

2. 17 

2.05 

51.42 

47.79 

32.31 

42.63 

41.46 

28.85 

0.453 0.95 7.16 6.65 2.00 2. 10 34.73 27.00 

0.439 0.91 7.50 7.05 2.02 2. 12 39.07 31.87 

0.411 0.85 7.49 7.09 2.00 2.00 30. 12 24. 36 

0.407 0.84 8.27 7.98 1.98 1.93 29.51 25. 34 

0. 217 0.45 4. 10 4.89 2.62 2.30 47. 39 30.42 

0. 182 0. 38 7.55 7.75 2. 15 1.89 26.44 23. 60 

0. 161 0.34 4.83 4.93 2. 14 2.05 23.42 20.03 

0. 141 0.29 6. 11 6.27 2.04 1.87 20.55 19.45 

0. 129 0.27 6.76 6.93 1.99 1.79 19.39 19.49 

0.122 0.25 5. 12 5.40 2. 15 1.93 19.77 18.47 
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Table A-5.    Atomization at IBbS'F,  Single Injector. 

QL/QG WL/WG GM FX GSD S MX MMD 

0.411 x 10"3 1. 50 8. 75 8.85 1.93 1.86 28. 54 27. 15 

0. 374 1.37 7. 17 7.95 2.05 1.91 28.38 27. 35 

0. 372 1.36 6. 70 6. 98 2. 31 2. 13 39. 18 31. 68 

0. 343 1.25 5.99 6. 13 1.92 2. 04 28. 37 23.06 

0.455 1.66 4. 27 3.91 2.20 2.47 46.20 35.93 

0. 513 1.87 6.43 6.25 2.00 2.21 41. 52 37.43 

0. 455 1. 66 6. 35 6.48 1.95 2.04 30.35 29. 15 

0. 590 2. 15 6. 16 5.83 2. 12 2. 33 50. 79 59.01 

0.426 1.56 7. 24 7.47 2.21 1.98 30.58 26. 54 

0. 259 0.946 4. 69 4. 84 2.22 2. 11 26. 11 16.97 

0.426 1.56 7. 13 7.56 2. 04 1. 93 27.51 27. 46 

0.247 0.901 9. 32 10. 13 1. 53 1.50 16.76 20. 15 

0.291 1.07 7. 69 6.40 1.97 2.47 19.64 19. 35 

0. 321 1. 17 5. 32 5. 36 2.06 2.01 23.53 24.06 

0. 501 1.84 6. 58 5.00 2.20 2. 37 38.88 38.29 

0. 329 1.20 5.42 5.47 2. 19 2. 13 30. 75 25. 70 
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Table A-6.    Atomization at ISbS'F,   Triple Injector. 

QL/QG WL/WG GM FX GSD MX MMD 

0. 345 x 10'?' 1.26 9. 11 9.25 2.07 1. 86 29.83 27. 08 

0. 373 1. 36 5.44 5.36 1.82 2. 01 23. 58 22. 10 

0. 411 1.50 6. 12 6.25 1.96 2. 06 30.21 30. 58 

0.512 1.87 7.30 7.42 2. 10 2.05 35. 16 41.22 

0. 585 2. 14 7.29 7.20 2. 14 2.22 49. 32 46.24 

0. 669 2.46 5. 65 4. 93 1.95 2.43 52. 74 45.90 

0. 677 2.48 10. 19 10.45 1. 83 1. 89 35.69 35. 00 

0.422 1. 68 8. 88 9.49 1. 75 1. 81 27. 75 31. 61 

0.294 1. 08 6.85 6.97 2.05 1. 94 26. 08 25. 07 

0.269 0. 981 6.02 6.27 1.89 1. 94 23. 59 22.08 

0.480 1.76 8.08 8. 16 2.06 1. 99 34. 14 45. 98 

0. 374 1. 37 5.79 6. 09 1. 88 1.92 22. 22 23. 44 

0.245 0. 893 5. 34 5. 60 2.26 2.07 27. 44 27. 49 

0.326 1. 19 6.90 7. 41 1.97 1. 88 25.00 24. 00 

0.424 1. 55 7.46 7. 51 2.01 1. 94 28.28 26. 66 

0.430 1. 57 5. 51 5. 00 1.87 2. 23 35.03 33.92 

0. 505 1. 85 4. 74 4. 12 1.69 2. 14 23.52 21. 27 

0. 113 0. 421 4.50 3. 59 1. 60 2. 15 21.27 18. 40 

0. 082 0. 300 3. 18 2. 54 1.91 2. 47 29. 89 23. 02 

0. 150 0. 551 5.05 4.26 1.76 2. 25 30.76 31. 72 
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Figure A-1.    Surface Tension  of Uvinul-Bis Solution. 
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Figure A-2.    Viscosity of Uvinul-Bis Solution. 
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Figure A-3.     Density of Uvinul-BiB Solution. 


