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©  Controlled  break-up  of  liquid  jets. 

©  Liquid  jets  are  broken  up  in  a  controlled  manner  by  the  use  of  an  asymmetric  disturbance,  so  as  to  provide 
substantially  spherical  droplets  having  a  desired  size  distribution.  This  method  is  of  particular  utility  in  the 
manufacture  of  fertilizers  and  sodium  hydroxide. 
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Controlled  break-up  of  liquid  jets 

This  invention  relates  to  a  process  and  apparatus  for  the  controlled  break-up  of  liquid  jets  to  produce 
substantially  spherical  drops  or  particles  and  in  particular  to  a  process  and  apparatus  for  prilling  molten 
materials. 

5  Prilling  is  an  operation  frequently  used  in  the  production  of  fertilizers.  It  is  an  operation  in  which  a 
molten  material  is  caused  to  flow  through  a  nozzle  to  form  drops  of  the  material  which  are  cooled,  e.g.  by 
allowing  the  drops  to  fall  down  a  tower  in  a  counter-current  flow  of  air,  to  give  solid  spheres  or  prills  of  the 
material.  Usually  prilling  is  performed  by  allowing  molten  material  to  flow  through  a  plurality  of  nozzles,  the 
size  of  the  drops  formed  depending  upon  the  size  and  type  of  nozzle,  the  nature  of  the  material  being 

70  prilled  and  the  rate  of  flow  of  material  through  the  nozzles.  Prilling  is  usually  performed  with  a  flow  rate  of 
material  which  is  sufficiently  large  to  ensure  that  the  material  issues  from  the  nozzles-  as  jets  which  break  up 
into  drops  some  distance  from  the  orifices  of  the  nozzles.  In  the  past  there  have  been  proposals  to  cause 
vibration  of  prilling  nozzles  by  moving  the  spray  head  containing  them  in  a  vertical  plane.  There  has  also 
been  a  proposal  in  GB  1266874  to  cause  a  plate  situated  in  the  pool  of  molten  material  in  the  spray  head 

75  above  the  nozzles  to  vibrate  in  order  to  improve  the  uniformity  in  size  of  the  prills  produced  particularly  in 
the  production  of  fertilizers. 

In  the  production  of  prills  of  for  example  ammonium  nitrate  and  urea  for  use  as  fertilizers  it  is  important 
that  the  prills  are  free  from  dust  and  of  a  suitable  size  and  shape  for  application  to  the  land  by  standard 
fertilizer  spreading  equipment.  The  range  of  size  distribution  should  be  maintained  as  far  as  possible  within 

20  a  narrow  band  with  fines  and  oversize  material  being  kept  to  a  minimum.  Present  prilling  processes  for 
fertilizers  keep  the  size  distribution  within  a  very  narrow  range  in  comparison  to  other  bulk  particulate 
products.  However,  if  the  production  of  fertilizers  is  to  be  optimised  it  is  desirable  to  provide  prills  having 
even  narrower  size  distributions. 

In  particular  efforts  should  be  made  to  reduce  the  amount  of  oversize  material  which  tends  to  arrive  in  a 
25  semi-molten  state  at  the  base  of  present  prilling  towers  and  to  reduce  the  amount  of  undersize  or  fines 

which  can  act  to  degrade  the  overall  physical  quality  of  the  product. 
According  to  the  present  invention  we  provide  a  process  for  the  controlled  break-up  of  liquid  jets  to 

produce  substantially  spherical  drops  or  particles  in  which  a  jet  is  caused  to  flow  through  an  orifice  in  a 
plate  characterised  in  that  as  the  jet  flows  through  the  orifice  the  plate  is  caused  to  move  reciprocally  in  a 

30  horizontal  plane  producing  an  asymmetric  disturbance  to  the  jet  surface. 
Further  according  to  the  present  invention  we  provide  an  apparatus  for  the  controlled  break-up  of  liquid 

jets  to  produce  substantially  spherical  drops  or  particles  which  comprises  a  plate  and  means  to  cause  a 
liquid  jet  to  flow  through  an  orifice  in  the  plate  characterised  in  that  a  means  is  provided  to  cause  the  plate 
to  move  reciprocally  in  a  horizontal  plane  perturbing  the  jet  asymmetrically  as  it  flows  through  the  orifice. 

35  The  invention  is  applicable  to  any  process  in  which  it  is  necessary  to  cause  a  stream  of  liquid  to  break 
up  into  drops  or  particles  having  a  size  distribution  controlled  within  a  particular  range.  Because  of  the 
compounded  effects  of  a  number  of  factors,  such  as  hole  or  nozzle  geometry,  hole  or  nozzle  surface  finish 
and  imperfections,  fluid  flow  fluctuations  and  the  the  nature  of  the  phase  into  which  the  stream  emerges, 
any  individual  stream  or  jet  behaves  independently  and  uniquely. 

40  In  order  that  a  more  uniform  and  predictable  behaviour  be  exhibited  by  the  jet,  and  therefore  its  ability 
to  generate  droplets  that  fall  within  the  desired  size  distribution  to  be  determined,  a  controlled  disturbance 
of  a  preferred  amplitude  is  imposed  onto  the  jet.  The  optimum  frequency  for  such  a  controlled  disturbance 
may  be  calculated  using  the  theoretical  analysis  of  jet  instability.  We  have  found  that  the  controlled 
disturbance  can  be  achieved  by  causing  the  stream  to  pass  through  an  orifice  in  a  plate  moving  in  an 

45  asymmetric  manner.  Generally  the  teaching  of  the  art  is  that  asymmetric  motion  would  not  cause  a  stream 
to  break  up  in  a  suitable  manner  (Lord  Rayleigh:  The  Theory  of  Sound,  Vol  II,  Published  by  Macmillan  Co, 
London  1929). 

However  our  studies  indicate  that  this  is  not  the  case  -see  Example  1.  Asymmetric  motion  applies  a 
shear  wave  driven  capillary  instability  to  a  liquid  jet  as  postulated  by  Crane  L  et  al:  British  Journal  of 

so  Applied  Physics,  15,  p.  743  et  seq,  1964  and  McCormack  PD  et  al:  British  Journal  of  Applied  Physics,  16, 
p.  395  et  seq,  1961T 

Previously  axisymmetric  or  varicose  motion  has  been  applied  to  plates  through  which  streams  have 
been  passed  in,  for  example  prilling  processes.  This  has  a  different  effect  from  asymmetric  motion  and 
creates  droplets  by  means  of  capillary  instability  triggered  by  surface  modulation. 

In  particular  the  invention  is  applicable  to  prilling  processes  especially  for  the  production  of  fertilizers 
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such  as  ammonium  nitrate  and  urea  for  fertilizer  use,  the  production  of  ammonium  nitrate  explosives,  ana 
or  the  production  of  caustic  soda.  Streams  of  molten  material  are  passed  through  spray  heads,  generally 
:onical  in  shape,  having  plates  with  a  plurality  of  orifices,  holes  or  nozzles,  at  their  lower  ends.  The 
Derforated  plates  can  be  integral  parts  of  the  spray  heads  or  can  be  separate  parts  attached  to  the  upper 
Darts  of  the  spray  heads  by  any  suitable  means.  Movement  of  the  plates  is  preferably  electronically 
:ontrolled.  Preferably  the  number  of  holes  in  an  individual  plate  is  within  the  range  103  to  4  x  103. 

The  movement  of  the  plate  in  each  direction  will  generally  be  through  a  very  small  angle,  suitably  within 
:he  range  10~5  to  10~3  radians. 

The  optimum  frequency  of  the  reciprocal  motion  depends  upon  the  velocity  of  the  jets  through  the 
Drifices  in  a  plate  and  the  range  of  size  distribution  of  prills  which  is  required  according  to  the  following 
sxpression  1:- 

where  f0PT  is  the  frequency  in  Herz,  Uj  is  the  jet  flow  velocity  through  an  orifice  and  dj  is  the  oritice 
diameter.  Generally  a  range  of  frequencies  f  min  to  fmax  is  preferred  giving  particle  sizes  within  a  suitable 
range.  Preferred  frequencies  are  in  the  range  400  to  800  Hz. 

The  jet  flow  velocity  depends  upon  the  size  of  the  holes  or  other  orifices  in  the  plate  and  upon  the 
mass  flow  rate.  The  diameter  of  holes  in  spray  head  plates  presently  in  use  is  usually  1  .3  mm.  Our  tests 
were  carried  out  using  holes  of  1  .4  mm  diameter.  It  is  desirable  that  flow  through  the  plate  is  laminar  and 
that  uniform  jet  flow  is  achieved.  This  is  done  by  controlling  the  physical  properties  of  the  liquid  phase  and 
the  geometry  of  the  holes  in  the  plate  in  a  suitable  manner.  Suitably  the  Reynolds  Number  does  not  exceed 
2300,  preferably  in  the  range  500  to  2000,  and  the  liquid  has  a  low  viscosity,  preferably  within  the  range  1 
to  10  CP.  [Reynolds  Number  is  defined  as  pUjdj.u,-1;  where  p  is  the  density  of  the  liquid,  [kg.m-3],  u.  is  the 
viscosity  of  the  liquid  [kg.m~1.s~1]  and  Uj.dj  are  hereinbefore  defined]. 

When  applied  to  fertilizer  production  the  present  invention  makes  it  possible  to  control  the  size 
distribution  of  prills  within  a  narrow  range,  greatly  reducing  the  quantity  of  fines  and  oversize  material  which 
is  produced.  Other  physical  properties  are  also  improved  and  the  appearance  of  the  prills  is  satisfactory. 

In  addition  to  its  application  in  fertilizer  production  the  invention  is  applicable  to  the  production  of 
ceramics,  catalysts,  polymers,  dyes  and  other  materials  when  made  in  substantially  spherical  particles. 

The  invention  is  illustrated  by  the  accompanying  figures  wherein: 
Figure  1  is  schematic  vertical  section  of  a  tower,  showing  the  typical  relative  positions  of  the 

sprayhead,  plate  and  feed  system, 
Figure  2  is  a  sectional  view  of  a  perforated  plate  indicating  the  orifices, 
Figure  3  is  a  partly  sectioned  side  view  of  the  sprayhead  assembly. 
Figure  4  is  a  partly  sectioned  plan  view  along  line  CC  of  the  sprayhead  assembly  connected  to  the 

perturbation  causing  device, 
Figure  5  is  a  sectioned  view  through  a  fluid  jet  emerging  from  a  nozzle,  the  direction  of  flow  being 

indicated  along  the  axis  ZZ1. 
Figure  6  is  a  microflash  photograph  of  jets  of  water  without  the  application  of  a  controlled  vibration. 
Figure  7  is  a  microflash  photograph  of  jets  of  water  as  produced  from  the  apparatus  used  in  forming 

the  jets  in  Figure  6,  with  the  application  of  a  controlled  vibration  in  accordance  with  the  invention. 

The  apparatus  shown  in  Figures  1  to  4  has  a  prilling  column  (1)  at  the  top  of  which  is  sprayhead  (2). 
Forming  an  integral  part  of  sprayhead  (2)  is  plate  (3)  perforated  by  holes  (9).  Plate  (3)  is  connected  by 
linkage  (10)  to  an  electronic  device  (11)  which  causes  the  plate  (3)  to  move  reciprocally  in  a  horizontal 
plane  in  an  asymmetric  manner.  Sprayhead  (2)  is  also  connected  by  line  (5)  to  weir  pot  (7)  which  is  fed  via 
line  (4)  with  molten  material.  An  overflow  line  (6)  rises  to  a  desired  level  in  weir  pot  (7)  and  when  the  level 
of  molten  material  in  weir  pot  (7)  exceeds  the  desired  level  the  excess  flows  out  through  overflow  line  (6). 
The  constant  level  of  molten  material  in  weir  pot  (7)  maintains  a  constant  level  of  molten  material  in 
sprayhead  (2).  Where  two  electronic  devices  (11)  are  used,  it  is  preferred  that  they  are  configured  so  that 
each  reinforces  the  movement  caused  by  the  other. 

The  base  of  column  (1)  is  provided  with  line  (8)  for  feeding  air  to  the  column  (1). 
In  the  production  of  ammonium  nitrate  fertiliser  to  produce  molten  material  to  be  supplied  to  sprayhead 

(2),  85-89%  ammonium  nitrate  solution  and  magnesium  nitrate  solution  (desiccant)  are  added  together  and 
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the  resulting  mixed  solution  is  concentrated  in  falling  film  evaporators.  This  produces  a  material  containing 
0.5%  water  which  is  near  molten  ammonium  nitrate  and  which  is  passed  to  weir  pot  (7)  and  from  there  to 
sprayhead  (2).  Jets  of  the  near  molten  ammonium  nitrate  pass  through  holes  (9)  in  plate  (3)  whilst  the  plate 
(3)  is  moved  by  device  (11).  The  jets  pass  down  column  (1)  and  break  up  into  substantially  evenly  sized 

5  drops  which  solidify  and  are  cooled  by  a  counter-current  air  flow  provided  from  line  (8).  The  prills  leaving 
the  tower  (1  )  are  further  cooled  if  necessary,  screened  and  undersize  and/or  oversize  material  is  removed. 

The  jets  of  water  shown  in  Figure  6  were  produced  from  laboratory  apparatus.  For  comparison  of  scale, 
a  3  mm  diameter  length  of  wire  (shown  as  a  dark  vertical  line)  has  been  included  in  the  photograph.  The 
droplets  from  the  breakup  of  the  jets  are  seen  to  be  non-uniform  in  size,  and  are  generated  in  an  irregular 

io  manner.  In  contrast,  when  a  controlled  vibration  is  applied  to  the  jets,  as  shown  in  Figure  7,  the  droplets 
formed  are  highly  uniform,  and  are  produced  at  regular  intervals. 

If  a  controlled  disturbance  of  a  minimum  amplitude,  or  greater  is  imposed  on  a  fluid  stream  then 
ordered  and  predictable  break  up  of  the  stream  occurs.  The  value  for  the  minimum  perturbation  required  to 
initiate  the  break-up  of  a  fluid  stream  so  as  to  form  drops  can  be  obtained  as  follows. 

75  Considering  a  vertically  moving  stream  of  liquid  in  a  granvitional  field,  an  analysis  of  the  conservation  of 
energy  gives  rise  to  the  expression  2. 

q2  ,  (  *  )  k d ^ j   2 
20  <?  r , 3 )   I 0 ( k )  

wherein  q  is  the  rate  of  growth  of  the  amplifying  capillary  wave  [s_1] 

25  k  is  the  wave  number  (dimensionless)  and  is  defined  by 
27rrjX-' 
rj  is  the  initial  stream  radius  [m] 
X  is  the  wavelength  of  the  disturbance  [m] 
h(k),l0(kk)  are  the  Bessel  functions  of  the  first  kind 

30  7  is  the  surface  tension  of  the  liquid  [N.m-1] 
p  is  the  density  of  the  liquid  [kg.m-3] 
On  differentiation,  and  maximisation  of  expression  2  with  respect  to  k,  an  expression  3  for  the  maximum 
value  of  q,  hereinafter  referred  to  as  qmax  is  obtained,  when  k  is  equal  to  0.697. 
qmax  =  0-97  7*  P*  dj"3/2  3 

35  wherein  dj  is  the  initial  stream  diameter  [m]  and  is  equal  to  twice  the  initial  stream  radius. 
The  magnitude  of  the  disturbance  may  be  obtained  from  standard  Fourier  analysis  of  the  amplifying 

capillary  wave,  to  give  expression  4. 
r(t)  =  50  exp(qt)  4 
wherein  t  is  time  [s] 

40  r(f)  is  the  radius  of  the  stream  at  any  time  t  [m] 
50  is  the  amplitude  of  the  initiating  disturbance  [m] 

Disintegration  of  the  liquid  stream  will  occur  when  the  amplitude  of  the  disturbance  as  described  by 
expression  3  has  grown  to  equal  the  initial  jet  radius,  rj,  and  at  a  time  tz  so  that 
rf  =  50  exp(qmax  tz)  5 

4S  The  time  at  which  disintegration  occurs  can  simply  be  obtained  from  the  relationship  between  distance 
from  the  start  of  the  stream  at  which  disintegration  occurs,  and  the  stream  velocity. 

Utilising  such  a  relationship  in  expression  5  and  rearranging  expression  5  yields 

u  r  

50  "L2  5— 
o   ̂ 6 Hmax 

wherein  1z  is  the  distance  from  the  start  of  the  stream  at  which  disintegration  occurs  [m] 
uz  is  the  stream  velocity  [m.s-1] 
further  substitution  for  qmax  from  expression  3,  into  expression  6  and  rearrangement  to  obtain  the  minimum 
amplitude  of  the  initiating  disturbance  that  will  just  initiate  jet  gives  break-up  expression  7. 
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r  i  exp  -  

1.  03^   We0,  5 

therein  We  is  the  Weber  number  [dimensionless]  as  defined  by 
jj  Uj2p  7_1 

The  effect  of  using  a  controlled  vibration,  in  accordance  with  the  above  theory,  was  confirmed  initially 
jsing  laboratory  apparatus  with  water  as  the  liquid  medium.  Typical  results  from  such  experiments  having 
Deen  shown  in  Figure  7. 

The  following  examples  may  further  serve  to  illustrate  the  use  of  the  theory  in  determining  the  optimum 
requency  for  such  a  controlled  disturbance,  and  the  effect  of  applying  said  controlled  disturbance  at  the 
requency  calculated  so  as  to  change  the  size  distribution  of  the  system  considered. 

EXAMPLE  1 

In  an  operating  unit  for  the  production  of  fertiliser  grade  ammonium  nitrate  the  plate  (3)  through  which 
nolten  ammonium  nitrate  is  prilled  comprises  2500  holes  of  1.4  mm  diameter. 

The  velocity  at  which  molten  ammonium  nitrate  flows  through  each  hole  is  3.5  m/s.  ■ 
The  optimum  frequency  at  which  to  apply  a  controlled  lateral  disturbance  to  the  sprayhead  (2),  and 

hence  plate  (3)  is  given  by  substituting  the  above  parameters  into  the  previously  quoted  expression  1  for 
Fopt  to  obtain  a  value  of  550  Hz. 

Molten  ammonium  nitrate  under  the  conditions  of  the  experiment  has  a  surface  tension  of  0.1  N.m~1 
and  a  density  of  1400  kg.m-3.  The  distance  from  the  start  of  the  stream  at  which  disintegration  occurs  has 
been  observed  to  be  0.2  m.  Substituting  the  parameters  into  expression  7  gives  a  value  of  0.1  microns  as 
the  theoretical  minimum  amplitude  for  the  controlled  disturbance. 

The  plate  (3)  was  perturbed  by  inducing  a  lateral  vibration  through  the  sprayhead  (2)  of  an  amplitude  of 
17  microns,  which  corresponds  to  an  angle  of  rotation  of  the  sprayhead  (2)  about  a  vertical  axis  of  about  2  x 
10~+  radians. 

The  frequency  of  the  vibration  used  was  560  Hz. 
Samples  of  the  resulting  prills  were  obtained,  from  which  a  size  distribution  was  generated.  The  mean 

size  of  prill  produced  (by  mass)  was  2.35  mm,  with  a  standard  deviation  of  0.1  mm. 

EXAMPLE  2 

The  same  operating  unit  was  used,  under  the  same  conditions  of  ammonium  nitrate  flow  as  in  Example 
1  ,  but  with  a  frequency  of  controlled  vibrations  of  480  Hz. 

Samples  of  prills  were  again  taken  for  size  analysis. 
The  mean  size  of  prill  produced  (by  mass)  was  2.45  mm,  with  a  standard  deviation  of  0.'15  mm. 

EXAMPLE  3 

In  comparison  with  Examples  1  and  2,  when  the  same  operating  unit  was  used,  under  the  same 
conditions  of  ammonium  nitrate  flow,  but  without  the  application  of  controlled  vibrations  it  was  found  that  the 
size  distribution  of  the  prills  produced  was  broader  than  that  obtained  for  the  prills  of  Examples  1  and  2. 

The  mean  size  of  prill  produced  (by  mass)  was  2.4  mm  with  a  standard  deviation  of  0.6  mm. 

EXAMPLE  4 

In  a  second  unit  for  the  production  of  fertiliser  grade  ammonium  nitrate  the  plate  (3)  through  which 
molten  ammonium  nitrate  was  prilled  comprised  2800  holes  of  1  .3  mm  diameter. 

The  velocity  at  which  molten  ammonium  nitrate  flowed  through  each  hole  was  4.0  m/s. 
The  optimum  frequency  at  which  to  apply  a  controlled  lateral  disturbance  to  the  sprayhead  (2)  was 
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calculated  as  684  Hz. 
The  plate  (3)  was  perturbed  by  inducing  a  lateral  vibration  through  the  sprayhead  (2)  of  an  amplitude  of 

1  7  microns. 
The  frequency  of  the  vibration  used  was  670  Hz. 

5  Samples  of  the  resulting  "prills  were  obtained  from  which  a  size  distribution  was  generated. 
The  mean  size  of  prill  produced  (by  mass)  was  2.34  mm,  with  0.5%  of  the  prills  produced  being  smaller 

than  1.4  mm. 

w  EXAMPLE  5 

The  same  operating  unit  was  used  as  in  Example  4,  but  with  a  frequency  of  controlled  vibrations  of  690 
Hz. 

The  mean  size  of  prills  produced  (by  mass)  was  2.30  mm,  with  0.5%  of  the  prills  produced  being 
75  smaller  than  1  .4  mm. 

EXAMPLE  6 

20  The  same  operating  unit  was  used  as  in  Example  4,  but  with  a  frequency  of  controlled  vibrations  of  680 
Hz. 

The  mean  size  of  prills  produced  (by  mass)  was  2.37  mm,  with  0.2%  of  the  priils  produced  being 
smaller  than  1  .4  mm. 

25 
EXAMPLE  7 

The  same  operating  unit  was  used  as  in  Example  4,  but  without  the  application  of  controlled  vibrations. 
The  mean  size  of  prills  produced  (by  mass)  was  2.36  mm  with  1.5%  of  the  prills  produced  being 

30  smaller  than  1.4  mm. 
Thus  we  have  shown  by  the  application  of  controlled  vibrations  to  a  sprayhead  used  in  the  prilling  of 

molten  ammonium  nitrate,  prills  having  fewer  fines  may  be  produced,  and  by  using  a  controlled  vibration 
close  to  the  optimum  frequency  prills  having  the  fewest  fines  are  produced. 

35 
Claims 

1  .  A  process  for  the  controlled  break-up  of  liquid  jets  to  produce  substantially  spherical  drops  in  which  a 
jet  is  caused  to  flow  through  an  orifice  in  a  plate,  characterised  in  that  as  the  jet  flows  through  the  orifice  the 

40  plate  is  caused  to  move  reciprocally  in  a  horizontal  plane  producing  an  asymmetric  disturbance  to  the  jet 
surface. 

2.  A  process  according  to  claim  1  wherein  said  plate  comprises  between  103  and  4  x  103  orifices. 
3.  A  process  according  to  claim  1  or  claim  2  wherein  the  reciprocal  movement  is  equivalent  to  an  angle 

of  rotation  of  between  10~5  to  1  0~3  radians. 
45  4.  A  process  according  to  any  one  of  the  preceding  claims  wherein  the  frequency  of  reciprocal 

movement  is  between  400  and  800  Hz. 
5.  A  process  according  to  any  one  of  the  preceding  claims  wherein  the  Reynolds  Number,  as 

hereinbefore  defined,  does  not  exceed  2300. 
6.  A  process  according  to  any  one  of  the  preceding  claims  wherein  the  liquid  has  a  viscosity  in  the 

so  range  1  to  10  cP. 
7.  A  process  according  to  any  one  of  the  preceding  claims  wherein  the  liquid  is  substantially  molten 

ammonium  nitrate,  or  urea,  or  sodium  hydroxide. 
8.  Apparatus  for  the  controlled  break-up  of  liquid  jets  to  produce  substantially  spherical  drops  which 

comprises  a  plate,  and  means  to  cause  a  liquid  jet  to  flow  through  an  orifice  in  the  plate  characterised  in 
55  that  a  means  is  provided  to  cause  the  plate  to  move  reciprocally  in  a  horizontal  plane  perturbing  the  jet 

asymmetrically  as  it  flows  through  the  orifice. 

6 
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9.  An  apparatus  according  to  claim  8  in  which  the  means  provided  to  cause  the  reciprocating  norizontai 
novement  comprises  at  least  two  identical  devices  which  operate  in  reinforcing  action. 
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