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A B S T R A C T  - - - - - - - -  

This report presents the results of test stand studies of a 

pneumatic atomizing nozzle to be used in the Demonstrational Waste 

Calcining Facility at the Idaho Chemical Processing Plant. Atomization 

and performance characteristics are described. The liquid feed control 

system for the Demoas'trational Waste Calciner is compared with results 

of bench scale tests and recommendations are made for improving the 

system. 
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PNEUMATIC ATOICCZING NOZZLES I N  
FLUIDIZED BED CALCINXNG 

I. CALIBRATION TESTS 

B. M. Legler 
J. I. Stevens 

Test s tand s tud ies  of a Type 1/25 atomizing nozzle, manufactured 
by Spraying Systems Company f o r  the  ICPP Demonstrationzl Waste Calcining 
Fac i l i t y ,  were conducted t o  determine separate ly  the  atomization charac- 
t e r i s t i c s  of the  spray and the  performance cha rac t e r i s t i c s  (flow rates, ,  
pressures)  of the  nozzle when spraying i n t o  a i r .  Both atomization and 
performance cha rac t e r i s t i c s  were determined f o r  water. Performance char- 
ac-1;erls't;ics only were determined f o r  aluminum n i t r a t e  solut ions  of 1.155 
and 1.30 spec i f i c  gravi ty .  Feed r a t e s  from 10 t o  50 gallons per hour 
and nozzle a i r - to-feed volumetric r a t i o s  from 300 t o  1100 were inves t i -  
ga.ted. 

Excellent  atomization of water i n  a i r  was observed generally a t  
nozzle a i r - to-feed volumetric r a t i o s  g rea te r  than 500. Changes i n  
nozzle performance were shown t o  be caused by nozzle physical  e f f ec t s ,  
such as  erosion and i n s t a l l a t i o n  technique, a s  wel l  a s  by feed solut ion 
composition e f f e c t s .  The a i r  flow r a t e  of the  nozzle was found t o  be a 
d i r ec t  function of the  a i r  supply-to-discharge pressure r a t i o  i n  absolute 
un i t s  and t o  be predic table  by t heo re t i c a l  methods. 

The o r i g ina l  design of the  system t o  con t ro l  t he  feed r a t e  t o  the  
Demonstrational Waste Calciner made use of the  feed nozzle flow charac- 
t e r i s t i c s ;  i . e . ,  a t  any se lec ted  l i q u i d  i n l e t  pressure on the  nozzle it 
was assumed t h a t  a  given a i r  pressure would atomize a spec i f i c  volume 
r a t e  of feed solut ion.  Changes i n  nozzle performance found during t he  
present s tud ies  ind ica te  t h a t  the  control  of feed r a t e  based simgly on 
nozzle performance ca l i b r a t i on  i s  inadequate. A new feed control  system 
which w i l l  not be a f fec ted  by the  demonstrated changes i n  nozzle per- 
formance i s  recommended. 

Further nozzle t e s t i n g  i n  a p i l o t  p lan t  ca lc iner  i s  necessary be- 
- fo re  the  e f f e c t s  of nozzle var iables  on the  ca lc ina t ion  operation can be 
defined. 



INTRODUCTION 

ii semi-works sca le  Demonstrational Waste Calcining ~ a c i l i t ~ ( ' r  ) 
being constructed a t  t he  Idaho Chemical Processing Plant  (ICPP) w i l l  
attempt t o  convert the  radioact ive  aqueous wastes from reprocessed 
aluminum reac to r  f u e l  t o  granular  alumina. The conversion t o  s o l i d  w i l l  
be accomplished by spraying the  aqueous waste solut ion through pneumatic 
atomizing nozzles below the  surface of a heated and 1 idized bed of 

S3'f so l i d s .  . I n  previous p i l o t  p lan t  ca lc ina t ion  s tud ies  , pneumatic 
atomizing nozzles, Type 1/45) manufactured by Sprgying Systems Company 
were used s a t i s f a c t o r i l y  a t  feed r a t e s  up t o  6.0 gallons per hour each 
and a t  nozzle a i r - to - feed  volumetric ra t ios* as  low a s  280. These 
nozzles provided s a t i s f a c t o r y  feed i n j ec t i on  t o  p i l o t  p l an t , c a l c ine r s  of 
s ix- inch diameter and two-foot square configurations.  The var iable  
nozzle .a '  r fea tu re  e l  im-lnales *he need fur .a scpmutc  je t  61-indas which cd others  have found necessa.ry t o  control  p a r t i c l e  s i z e .  

Based on these  p i l o t  p lan t  r e su l t s ,  a  s imi la r  type rl6zZle was 
spec i f i ed  by t he  archi tec t -engineer  f o r  the  four-foot  diameter ca lc iner  
of the  Demonstrational Waste Calcining F a c i l i t y  (DWCF). A minimum num- 
ber of nozzles was des i red t o  minimize piping and controls  i n  the  demo - 
s t r a t i o n a l  f a c i l i t y .  It was thus necessary f o r  the  a r ch i t e c t  -engineerT2 ) 
t o  speci fy  a r e l a t i v e l y  l a rge  capaci ty  nozzle having approximately seven 
times t he  l i q u i d  feed r a t e  and twelve times the  a i r  r a t e  of the  small 
p i l o t -p l an t  nozzles. The archi tec t -engineer  spec i f i ed  two nozzles f o r  
feeding waste solut ion plus  recycled ac id  a t  40 gallons per :hour  each t o  
the  four-foot  diameter ca lc iner .  Because the  included spray angle of 
the  l a rge r  nozzles i s  near ly  t he  same as  the  p i lo t -p lan t  nozzles, it was 
fea red  t h a t  the  g r ee t e r  densi ty  oS the spray issuing Tru~u 'L l~e l a rge r  

a . 
nozzle might cause caking i n  the  f lu id ized  bed of the  ca lc iner .  On the  
o ther  hand, an increased nozzle a i r - to-feed volumetric r a t i o  might cause 
an excessive productfoil of partfcult l le  sull i ls  'Lou small =bo acrarc ao.occd 
p a r t i c l e s .  

L 

To be e f f ec t i ve  i n  t he  ca lc ina t ion  operation, t he  spray drople ts  
must l i e  within a s i z e  range as  yet  undefined. Below some extremely 
f i n e  sgray droplet  s i z e ,  alumina p a r t i c l e s  may be produced which a r e  
t oo  small t o  a c t  as seed p a r t i c l e s  and a r e  subsequently e i t h e r  e l u t r i a t e d  
by t he  f l u id i z ing  gas o r  agglomerated by contact  with l i q u i d  drople ts  of 
the spray t o  form a Laclcy mast;, A t  t he  opposite extreme i n  cpray drop- 
l e t  s i z e ,  the re  i s  a  p o s s i b i l i t y  of bed caking from la rge  l i q u i d  drople ts  
o r  from l i q u i d  not completely atomized. Large p a r t i c l e s  r e s u l t  i n  poor 
heat  t r a n s f e r  t o  the  f l u id i zed  bed. Sa t i s fac to ry  operation of a f l u id i zed  
bed must l i e  somewhere between these  two extremes. 

A t  a  given feed r a t e ,  the  s i z e  range of l i q u i d  drople ts  produced 
by two-fluid.atomizing nozzles i s  control led  by the  r a t e  of atomizing 

*Air-to-feed volumetric r a t i o  i s  based upon a i r  at the  metered tempera- 
t u r e  and ca lc iner  vesse l  pressure.  6 



a i r  supplied t o  the  nozzle. As a r e s u l t  of unknown e f f e c t s  of the  l a rge  
nozzle on the calc inat ion process, a .te'st .program was i n i t i a t e d  t o  deter-  
mine these  e f f ec t s .  The t e s t s  described here in  cons t i t u t e  the  i n i t i a l  
e f f o r t  conducted on a t e s t  s tand i n  the  open a i r  i n  order t o  define 
nozzle performance and atomization cha rac t e r i s t i c s .  The t e s t  r e s u l t s  of 
t h i s  l a rge  atomizing nozzle i n  a p i l o t  p lan t  f l u i d  bed ca lc iner  a r e  
beyond the  scope of t h i s  repor t  and w i l l  be reported. separa te ly .  

Shown i n  the  i n se t  of Figure I i s  a cross sect ion of the  nozzle 
speci f ied  f o r  the  demonstrational ca lc iner .  These nozzles a re  manufac- 
tu red  by Spraying Systems Company and a r e  designated as.Type 1/25 two- 
f l u id ,  external-mixing, atomizing nozzles. Nozzle pa r t s  a r e  fabr ica ted  
of titanium; aTr and 1iqui.d supply connections a r e  of Type 347 s t a i n l e s s  
s t e e l .  Liquid t o  be atomized i s sues  from a cen t r a l  0.25-inch diameter 
o r i f i c e  which i s  surrounded by a concentric annular a i r  o r i f i c e  0.375- 
inch I . D .  and 0.437-inch O.D. A cleanout plunger i s  provided f o r  removing 
plugs from the  l i q u i d  o r i f i c e  i f  necessary. The i n i t i a l  i n s t a l l a t i o n  of 
the  nozzles w i l l  be i n  the  wall  of the  ca lc iner  s i x  inches below'the pre- 
d ic ted l e v e l  of the  f lu id ized  bed. 



Fig .  1 

Demonstrat ional  Calc i n e r  and Feed Nozzle Cross Sect ion 



111. TEST STAND EXPERIMENTS 

The atomization cha rac t e r i s t i c s  and the  performance cha rac t e r i s t i c s  
such a s  flow r a t e  and pressure drop as  wel l  a s  the  secondary e f f e c t s  of 
nozzle erosion and method of i n s t a l l a t i o n  a r e  important' t o  the  under- 
standing and operation of pneumatic atomizing nozzles i n  a f l u id i zed  bed 
ca lc iner .  Therefore, a t e s t  s tand program was undertaken t o  determine 
these  cha r ac t e r i s t i c s  and e f f e c t s .  

A .  Atomization Tests  

Two-fluid, ex te rna l  mixing nozzles have been used i n  the  p i l o t  p lan t  
t o  atomize a simulated radioactive l i q u i d  waste solut ion beneath the  
surface of the  f l u id i zed  bed. The so lu t ion  thus atomized coats  the  
f l u id i zed  p a r t i c l e s  present  i n  the  ca lc iner  and possibly ;produces' addi- 
tiona.1 "seed" p a r t i c l e s  f o r  fu tu re  growth. Consequently, cha r ac t e r i s t i c s  
of the spray a r e  al l- important  i n  the  ca lc ina t ion  process. A "wet" spray 
can produce agglomeration r e su l t i ng  i n  bed caking while an excessively 
f i n e  spray can produce spray drying r e su l t i ng  i n  high e l u t r i a t i o n  losses .  
Water was chosen f o r  the  i n i t i a l  bench inves t iga t ion  of t he  atomization 
cha rac t e r i s t i c s  of the  nozzle because it could be used without e laborate  
preparation of aux i l i a ry  equipment. The bench atomization t e s t s  a l s o  
permitted rapid  v i sua l  comparison of various nozzle t i p  designs. . 

Good atomization i s  defined by the  manufacturer as  any condtt ion a t  
which atomized drople ts  i n  t he  center  of the  spray pa t t e rn  do not exceed 
200 microns i n  diameter. I n  Figure 2 i s  shown a p l o t  of t he  manufac- 
t u r e r ' s  performance data based on spraying water a t  700 F i n t o  t he  
atmosphere a t  14.7 ps ia .  A l l  points  shown i n  t h i s  f igure  a r e  i n  the  

. . 
manufacturer-defined region of good atomization. Neither a c tua l  d i s t r i -  
bution of droplet  s i z e s  nor minimum. droplet  s i z e  i n  the  nozzle spray 
pa t t e rn  i s  given. Furthermore, the  reported data a r e  f o r  a standard 
nozzle without a cleanout plunger, so t h i s  c a l i b r a t i on  may not be d i r e c t l y  
applicable t o  the  demonstrational ca lc iner  nozzles which contain cleanout 
plungers. 

I n  a f u r t he r  e f f o r t  t o  define e f f ec t i ve  atomization, two independent 
i nves t i  a t ions  were made using the  same nozzle. One of these  inves t i -  
gationsf51 involved a cursory v i sua l  atomization study i n  which water 
was sprayed i n t o  the  atmosphere. After  es tab l i sh ing  a se lec ted  r a t e  of 
water flow, the  a i r  flow was s t a r t e d  and the  r a t e  increased u n t i l  good 
atomization was obtained. I n  t h i s  case, good atomization was defined 
a s  any condit ion which provided uniform droplet  s i z e  and d i s t r i bu t i on  on 
a "Lucite" p l a t e  when passed through the  spray i n  a d i rec t ion  perpen- 
d icu la r  t o  the  spray ax i s .  Photographs of good and poor atomization a r e  
shown i n  Figure 3 .  Figure 4 attempts t o  show the  boundary between good 
and poor atomization as defined abovc, Because or  data s c a t t e r  r e su l t i ng  
from v i sua l  observations, a de f i n i t e  demarcation between good and poor 
atomization was not obtained. It can only be s a i d  t h a t  t h e  region above 
the  broken l i n e  i n  Figure 4 should represent  condit ions a t  which good 
atomization i s  de f i n i t e l y  assured. I n  conducting t h i s  atomization t e s t ,  
pressure conditions a t  the nozzle l i q u i d  i n l e t  were not determined, so 
a performance curve s imi la r  t o  Figure 2 could not be constructed. 



NOZZLE AIR-TO -FEED VOLUMETRIC RATIO AT. STP 

Fig.  2 
Vendor Performance Data f o r  

Atomization of Water i n  Demonstrational Calciner Feed Nozzle 



Poor Atomization 

Good Atomization 

Fig. 3 
Photographs Comparing Poor Atomization to Good Atomization 
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NOZZLE AIR TO FEED VOLUMETRIC RATIO @ 12.25 PSIA R.T. 

Fig. 4 
Nozzle Atomization Characteristics f o r  Water 

Using a Plane Spray Collector 

In  the second investigation(6), complete cal ibrat ion data as well 
as  atomization charac ter i s t ics  were oblttluerl a i d  m e  preocntcd i n  
Figure 5 .  In  t h i s  case good atomization was defined, with the a id  of 
a wide beam spotlight,  as any condition a t  which 110 rivulets wcrc vicible  
i n  the spray. A t  a given a i r  ra te ,  the water r a t e  was decreased from a 
point where obviously poor atomization prevailed u n t i l  complete atomi- 
zation was obtained. The demarcation between good and poor atomization 
zones i s  indicated by a Lruhe~i  l i a e  . 
B. Performance Tests 

The manufacturer's performance data shown i n  Figure 2 were assumed 
by the DWCF architect-engineer t o  be precise enough so that  feed ra te  
control could be accumyllshed by making uoc of the feed no7,zle flow 
character is t ic  s . A n  independent performance chec k(6), Figure 5 ,  showed 
tha t  the mmufacturer's data were not duplicated. The differences i n  
performmce may be a t t r ibutable  t o  the different  atmospheric pressure 
base f o r  each cal ibrat ion and t o  the absence of a cleanout plunger i n  
the nc(gfle cal ibrated by the manufacturer. Also, prrlurmance cal ibm- 
t ions were made f o r  two different  aluminum n i t r a t e  concentrations. 
These data are  plot ted i n  Figures 6 and 7. These plots  d i f f e r  signi- 
f i can t ly  from those f o r  water shown i n  Figures 2 and 5 and show tha t  
performance i s  dependent upon solution density and/or viscosity.  
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Nozzle Performance C h a r a c t e r i s t i c s  f o r  Water 
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Fig. 7 
Nozzle Performance C h a r a c t e r i s t i c s  f o r  1.30 Sp. G r  . A ~ ( N o ~ )  3 
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Based on performance data  shown gra.phically i n  Figures 2, 5, 6, and 
7, two independent nozzle va r iab les  must be f ixed  before a pa r t i cu l a r  
nozzle performance point  i s  known. For example, when feed r a t e  and 
nozzle a i r - to - feed  volumetric r a t i o  a r e  q e c i f i e d ,  then the  performance 
i s  defined and t he  dependent var iables  ( z i r  r a t e  o r  a i r  pressure,  and 
feed pressure - i n  t h i s  case)  can be obtained from a p lo t  of the  c a l i -  
b r a t i on  data.  A i r  r a t e  and air pressure a r e  r e l a t ed  as  explained i n  
Section I V  and a s  shown i n  Figure 9. 

C .  Erosion Ef fec t s  on Nozzle Performance 

It i s  obvious from the  nozzle cross  sect ion sho~m i n  the  i p se t  of 
Figure 1 and t he  aforementioned manner of i n s t a l l a t i o n  t h a t  the  f l a t  
face  of the  nozzle i s  exposed t o  the f l u id i zed  p a r t i c l e s  of t he  ca lc iner  
bed. These f l u id i zed  alumina p a r t i c l e s  can be expected t o  provide a 
very eros ive  environment, e spec ia l ly  i n  regions of v io len t  ag i t a t i on  and 
impingement. During one t e s t  of 275 hours duration i n  the  2 i l o t  p lant  
ca lc ine r ,  a nozzle sufPeLud scvcrc orosion w h i c h  a f fec ted  both the  l iqu id  
and a i r  o r i f i c e s .  Per t inent  o r i f i c e  dimensions before and a f t e r  erosion 
a r e  given i n  Table 1. 

TABLE 1 

Atomizing Nozzle Ori f ice  Dimensions 

Original  Eroded Dimension 
Orif i c e  Condition, In.  condition, In .  Change, In .  

Liquid I . D .  0.250 
A i r  I.D. 0 375 
A i r  O.D. 0 -437 

I n  addi t ion t o  t he  o r i f i c e  wear indicated i n  'Table 1, considerable 
erosion occurred on t he  f l a t  face  of the  a i r  nozzle. This annular sur-  
f ace  (0.437" I . D . ,  0.97" O . D . )  i s  concentric with and perpendicular t o  
t he  ax i s  of t h e  l i q u i d  o r i f i c e .  The most severe erosion on t h i s  surface 
occurred immediately adjacent  t o  the  annular a i r  oFif ice .  The erosion ' 

diminished a t  increas ing r a d i a l  distance from the  annular a i r  o r i f i c e ,  
becoming negligilole i n  the  outer  r a d i a l  two-thirds of the  a i r  nozzle 
face .  

Cal ibra t ion of t he  eroded nozzle showed t h a t  Lhe r a t e  of l i q u i d  
del ivery  had increased a t  otherwise i den t i c a l  condit ions.  Table 2 
presents  a com,parison of c a l i b r a t i on  data  before and a f t e r  the  erosion 
occurred. 



E f f e c t s  of Nozzle Erosion on Performance 

Liquid Delivery, GPH 

Liquid Feed Nozzle A i r  Or ig inal  Eroded 
Pressure Pressure, PSIG Nozzle Nozzle 

The changes due t o  eros ion obviously were s u f f i c i e n t  t o  negate t h e  
o r i g i n a l  c a l i b r a t i o n .  

D.  E f f e c t s  of I n s t a l l a t i o n  on Nozzle Performance 

During nozzle c a l i b r a t i o n ,  it was noted t h a t  s l i g h t  changes i n  
pos i t ion  of t h e  l i q u i d  nozzle cleanout  plunger r e s u l t e d  i n  a  s i g n i f i c a n t  
change i n  t h e  l i q u i d  feed  i n l e t  pressure.  This  i s  tantamount t o  a  c a l i -  
b r a t i o n  change. 

I n s t a l l a t i o n  technique a l s o  was found t o  have an e f f e c t  on nozzle 
performance c h a r a c t e r i s t i c s .  In  one t e a t ,  loosening t h e  nozzle only 
one-fourth t u r n  from f i n g e r  t i g h t  - r e s u l t e d  i n  a  50 per cent  increase  i n  
l i q u i d  flow a t  otherwise i d e n t i c a l  condi t  iuns . The d i f  f  icul.ty of 
assur ing  a  uniform i n s t a l l a t i o n  of each nozzle makes it doubtful  t h a t  
t e s t  s tand c a l i b r a t i o n  based on a i r  and l i q u i d  pressures  can be used 
with confidence when a  nozzle is  i n s t a l l e d  i n  t h e  w a l l  of the  c a l c i n e r .  



I V .  TIIEORETICAL ASPECTS .OF ANNULAR A I R  NO- 

AIR FLOW -+ I .  
CALCINER I VESSEL 

The volumetric a i r  r a t e  through 
the  annular o r i f i c e  of the nozzle i s  
measured both i n  tne  p i l o t  p lan t  and 
t he  DWCF. However, a rapid  method of 
checking the  accuracy of the  measure- 
ment should be poss ible  from the  pres- 
sure drop across t he  o r i f i c e .  The - t h eo re t i c a l  aspects  of the  a i r  o r i f i c e  
a r e  considered i n  t he  following para- 
graphs. 

An annular o r i f i c e  representing 
the  nozzle a i r  o r i f i c e  i s  shown sche- 
matical ly i n  Figure 8. 

I n  t h i s  f igure ,  Po represents 
the  upstream pressure,  P1 the  pressure 
a t  the  vena contracta,  and P3 the  ca l -  
c i ne r  vessel  pressure,  a l l  expressed 
i n  poi.mds per square foot  absolute.  

CPP - S- 1759 A t  a given s e t  of ca lc iner  con- 
d i t ions ,  the  gas dtscharge r a t e  from 

~ i g .  8 the  anni.ihar o r i f i c e  w i l l  increase as  
Schematic Representation of the  upstream t o  ca lc iner  pressure 
A i r  Nozzle Annular Ori f ice  r a t i o ,  P,/P increases.  The increase 

I n  gas d i sc  2' srge  r a t e  w i l l  continue 
i .mt i l  the  l i n e a r  ve loc i ty  i n  the  veua 

con t rac ta  reaches the  acoust ic  ve loc i ty  a t  t he  spec i f i c  conditions of the  
vena contracta .  k t  t h i s  point  the  cr1l; ical  prcoourc r a t i o  ( R ~ / P ~ ) ~  i s  
a t t a i ned .  A t  s t i l l  f u r t h e r  increases i n  the  r a t i o  of upstream t o  ca l -  
cines pressure,  po/p3, the  vena contruc.La pressure, PI, remai-ns equal t o  
t h e  c r i t i c a l  pressure,  PC, and the  ve loc i ty  i n  the vena contracta  remains 
a t  t he  acoust ic  veloci ty .  However, the re  w i l l  be some increase i n  t he  
a rea  r a t i o  of vena con t rac ta  t o  o r i f i c e  thereby e f f ec t i ng  some increase 
i n  t he  mass discharge r a t e  uf a i r  through the  2nnula.r o r i f i c e .  This i s  
the  same as  saying t h a t  t he  o r i f i c e  cuerficieni; i n c r c a ~ e s  becailse the  
vena.contracta a rea  increases .  However, the  increase i n  the  vena con- 
tracts area  i s  r e l a t i v e l y  srnall and thC c h a l l ~ e  iil t h ~ :  o r i f l a e  coeffi ,r i  ent, 
may usual ly  be neglected. The mass flow r a t e  increases even though the  
volumetric flow r a t e  remains e s s e n t i a l l y  the  sane because the  density 
increases  a t  che veua contracta ac the  upst.r~~l.m t o  ca lc iner  pressure 
r a t i o ,  po/p3, increases.  

The c r i t i c a l  r ssurc  r a t i o ,  ( P ~ / P ~ ) , ' O ~  pc/p0, i s  given by the  
following equation: P7Y 



where : 

k = cp/cV, r a t i o  of spec i f i c  heat a t  constant pressure t o  t h a t  a t  
constant volume 

P1 = Vena contracta  pressure, l b / f t 2  absolute 
Po = Pressure upstream from o r i f i c e ,  l b / f t 2  absolute 
PC = C r i t i c a l  pressure a t  vena contracta,  l b / f t 2  absolute 
Aa = Orif ice  cross sec t iona l  area,  f t 2  
A, = Upstream channel cross sec t iona l  area, f t 2  

For large  values of A ~ / A ~  the  above e q u ~ t i o n  reduces t o :  

For a i r ,  k = 1.4  and 
PC = 0.528 p0 

Thus, f o r  values of ca lc iner  pressure t o  upstream nozzle air pres- 
sure r a t i o ,  p3/po, equal t o  o r  l e s s  than 0.528, t he  vena contracta  
pressure, PI-, i s  i den t i c a l  t o  the  c r i t i c a l  pressure,  PC, and the  l i n e a r  
ve loc i ty  i n  the  vena contracta  i s  ,the acoustic veloci ty .  

A t yp i ca l  o r i f i c e  flow equation(7) i s :  

where : 

w = Weight r a t e  of .flow, lb/sec 
S = Dischazge coef f i c ien t  
Yo = Expansion f ac to r  = 1 - (Po (0.41 + 0 .35d2 )  

Pok 
A, = Orif ice  cross  sec t iona l  area, f t 2  
gc = Gravi ta t ional  constant, 32.17 f t / sec2 
Po = Upstream pressure,  l b / f t 2  absolute 
P1 = Throat pressure,  l b / f t 2  absolute 
Qo = Upstream f l u i d  density,  l b / f t 3  

= Fract ional  open area  
k = cp/cV 

A discharge coef f i c ien t  of 0.645 i s  quoted by  apple(^) f o r  a sharp- 
edged annular o r i f i c e  f o r  r a t i o s  of blocked diameter t o  channel diameter, 
(Dd/D0), i n  the  range of 0.7 t o  0.9. This r a t i o  f o r  a demonstrational 
ca lc ine r  nozzle annular a i r  o r i f i c e  i s  0.86. Even though the  a i r  o r i f i c e  
configuration cannot be considered as  sharp-edged, a coef f i c ien t  of 0.645 
w i l l  be used i n  the  following der ivat ion.  

It h a s  been found(7) t ha t  the  expansion f ac to r ,  Yo, may be taken 
as  uni ty  when the  density, Po, i s  talcen a t  the  ca lcula ted vena contracta  
c r i t i c a l  pressure,   where PC = 0.528 po), a t  values of p3/po ~ 0 . 5 2 8 .  
For t h i s  pa r t i cu l a r  condit ion the  o r i f i c e  equation'becomes: 



where : 

Qc = Ikns i ty  a t  vena contracta  

Subs t i tu t ing  ac tua l  values f o r  t he  demonstrational ca lc iner  nozzle 
gives : 

where : 

po = Upstream pressure,  p s i a -  
= Vena contractn  density,  l b / f t 3  

( ~ o t e  the  change from ps fa  t o  p s f ~ . )  

Weight r a t e  i s  e a s i l y  converted t o  volume r a t e ,  V i n  cf'm, aL calcfner  
pressure by the  following equation: 

where : 

p3 = Density a t  70° F and ca lc iner  pressure,  p3 

Combining equations (6)  and (7)  : 

Assuming the  per fec t  gas l a w  for. air ,  equ8.t.inn ( 0 )  can be simplif ied 
f u r t h e r  t o :  

V = Nozzle a i r  flow r a t e  a t  70' F and calcfner. p~.essur.c, cfm 

Po = Nozzle a i r  supply pressure, p s i a  
p3 = Calciner pressure,  p s i a  
P ~ / P O  t 0-528 

Equation (9)  i s  p l o t t e d  i n  Figure 9 along with expcrimental and ven- - 
dor data.  It i s  seen t h a t  both t heo re t i c a l  and ex9erimental cor re la t ions  
show nozzle air consumption t o  be a d i r ec t  function of the  nozzle a i r  
su2ply-to-discharge pressure r a t i o .  Since the  t heo re t i c a l  r e la t ionsh ip  
exgressed by equation (9)  yie lds  a i r  volume a t  70' F and ca lc iner  pres-  
sure,  it should be espec ia l ly  useful  i n  regula t ing the  nozzle a i r - t o -  
feed volumetric r e t i o  which a l s o  i s  based on t h i s  temperature and 
pressure.  
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V. NOZZLE FEED RATE CONTROL FOR THE DEMONSTRATIONAL CALCINER 

Simpl ic i ty  and g r av i t y  flow cons t i tu ted  t he  design r ' t e r i a  f o r  
C2) nozzle feed r a t e  con t ro l  t o  t he  demonstrational ca lc iner  . Pumping was 

avoided t o  e l iminate  dependence upon mechanical devices i n  a radfoactive 
processing area.  Flow con t ro l  i s  based simply on feed nozzle performance 
cha rac t e r i s t i c s .  For example, a t  any spec i f i c  l i q u i d  i n l e t  pressure t o  
t he  nozzle, a given a i r  pressure w i l l  atomize a given amount o f . f e e d  
so lu t ion  as  shown by the  manufacturer's data  p lo t t ed  i n  Figure 2 .  Feed 
r a t e  con t ro l  i s  thus  i nd i r ec t  and depends upon a va l i d  nozzle c a l i b r a t i on .  

Fresh waste solut ion,  mixed with a recycle stream containing par t i cu-  
l a t e  alumina, i s  f e d  by g rav i ty  from a constant-head feed tank througha 
common header t o  th ree  feed,nozzles ,  one of which i s  an i n s t a l l e d  spare.  
A nozzle cross sec t ion  i s  shown i n  the  i n se t  of Figure 1. Each individual  
nozzle feed l i n e  contains an automatic t h r o t t l i n g  valve upstream from the  
nozzle. Between 'the kh ro t t l i ng  ~ f i 1 . v ~ :  md the  nozzle i s  a pressure t a p  
which senses the  nozzle i n l e t  l i q u i d  pressure.  This pressure i s  Crans- 
mi t ted  t o  a pressure con t ro l l e r  whlcli r tgu la tcc  t he  throt . t l ing valve. The 
automatic t h r o t t l i n g  valve i n  each feed  l i n e  i s  designed t o  provide any 
required constant  i n l e t  l i q u i d  pressure t o  the  nozzle. This con t ro l  de- 
pends upon the  ca lc iner  pressure being maintained constant by another 
pressure .control  system. 

Periodic d i r e c t  f eed  r a t e  determinations can be made with an i n s t a l l e d  
ca l i b r a t ed  metering pot .  Such determinations w i l l  y i e ld  only the  t o t a l  
flow, r a t he r  than individual  nozzle flow, over a f i n i t e  time period. This 
i s  a l s o  t r u e  of ove ra l l  r a t e  checks obtained from l e v e l  d i f ferences  i n  
the  waste hold tanks.  

Cal ibra t ion data  provided by the  manufacturer, Figure 2, and those 
' nht,~..i.ned i n  t h i s  invest igat ion,  Figure 5, a r e  s i gn i f i c an t l y  d i f f e r en t .  - 

During cal fbra l lo i l  it waa noted th.3.t  any. change i n  posit'ion o f  the l i q u i d  
nozzle cleanout p lu~ge l -  r c su l t ed  i n  a. s ign i f i can t  change i n  the  liquid 
feed i n l e t  pressure. Nozzle wear a l s o  resu l t ed  i n  a s ign i f i can t  c a l i -  
b r a t i on  change a s  shown i n  Table 2.  Fur'l;hermore, i n s t a l l a t i o n  technique 
was found t o  have an e f f e c t , o n  nozzle performance cha rac t e r i s t i c s .  

Since any one UP Lhese several  f a c to r s  can l ead  t o  a callbrxl;ian 
change which would be imposed on the  feed r a t e  con t ro l  t h a t  i s  i n  t u rn  
dependent upon t he  con t ro l  of the  th ree  var iables ,  ca lc ine r  pressure,  
nozzle a i r  pressure,  and nozzle l i q u i d  i n l e t  pressure, it i s  obvious t h a t  
d i f f i c u l t i e s  a r e  t o  be expected i n  maintaining the  des i red equal and 
COIIS.~. ud~t  .- l i q u i d  r a t e s  throiigh individual  ca lc iner  feed nozzles,  Any 

plugging, wear, o r  o ther  nozzle changes w i l l  r e s u l t  i n  changing the l i q u i d  
feed  pressure and depart ing from nozzle c a l i b r a t i on  data  upon which opera- 
t i o n a l  con t ro l  depends. 



CONCLUSIONS AND RECOWNDATIONS 

Although the  nozzle t e s t s  reported here in  were conducted on a t e s t  
s tand and not i n  a ca lc iner ,  severa l  conclusions which a r e  applicable t o  
ca lc iner  operation can be made. 

Cal ibra t ion changes i n  nozzle performance can be caused by several  
f ac to rs .  Among these a r e :  nozzle erosion, cleanout plunger misalignment, 
i n s t a l l a t i o n  technique, plugging, and changes i n  feed solut ion p roper t i es .  

Precise feed r a t e  control ,  based simply on feed nozzle performance . 

cha rac t e r i s t i c s ,  i s  unl ikely  because of c a l i b r a t i on  changes. 

Both ' theore t i ca l  and measured cor re la t ions  show t h a t  nozzle a i r  
r a t e  i s  a  d i r ec t  function of the  a i r  supply-to-discharge absolute pressure 
r a t i o .  

Nozzles should be ca l ib ra ted  i n  place i n  the  demonstrational ca lc iner  
before the  ca lc iner  i s  operated. Periodic'  ca l ib ra t ions  should be per- 
formed t o  determine the  extent  of changes i n  nozzle performance charac- 
t e r i s t i c s .  

It i s  recommended t h a t  a  d i r e c t  feed con t ro l  system be i n s t a l l e d  i n  
each nozzle feed l i n e .  The recommended system cons i s t s  of an e lec t ro -  
magnetic flowmeter t r ansmi t t e r  and a flow con t ro l l ing  recorder containing 
a pneumatic con t ro l l e r  assembly f o r  t h r o t t l i n g  the  automatic con t ro l  
valve alrcady i n s t a l l e d  i n  each feed l i n e .  The proposed control  system 
w i l l  obviate dependence upon those individual  feed nozzle cha r ac t e r i s t i c s  
which a r e  subject  t o  change. 

Feed nozzles shduld be thoroughly t e s t e d  i n  a p i l o t  p lant  ca lc iner  
t o  determine the  e f f e c t s  of nozzle var iables  on ca lc iner  operation.  
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