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An engineer ing method is descr ibed  for calculating a gas jet in a fluidized bed on the 
bas i s  of a solution for  the k inemat ics  of the jet. 

An approx imate  solution has been obtained [1, 2] for  the k inemat ics  of a jet in a fluidized bed, on the 
assumpt ion  that  the pole of the bas ic  sect ion of the jet is placed in the initial  sect ion and that one neglects  
the influence of the entrained flow on the development  of the jet; then we get for  the i nc rea se  in the total 
th ickness  in the boundary l aye r  in the basic  sect ion and the change in the ve loc i ty  a t  the axis  that  

b= cl u,~+u~ +c~ x, (1) 

U ~ -  U 0 r 0  V / p g .  (2) 
0.366 b Pay 

The half-width of the boundary layer  at  the point where  the gas jet c loses  (Um = Ub) is de termined by 

bxj = caxj 

while the cu r ren t  half-width of the gas jet and the extent is defined by 

(3) 

bj = C 1 Um--Ub X, (4) 
Um + Ub 

Uo ro ~ - -  
Xj = 0.366 Ub C," | / P g : "  (5) 

Pm V 

Equations (1)-(5) have been derived on the assumpt ion  that t h e r e  is an affine veloci ty  dis tr ibut ion in 
the boundary l ayer  [1, 2], and for  the basic  solution one a s s u m e s  the un iversa l  profi le  descr ibed  by 
Schlichting's  equation [5, 7]: 

U = 1 - -  - for --g~ = 0.44. (6) 
Um b 

The assumpt ions  made in solving and analyzing this p rob lem have been conf i rmed by exper iment  
[1-3, 6] over  a wide range of p a r a m e t e r s  for  the l ayer  and the jet. It has been found [3] that the Schlichting 
prof i le  for  a jet in a fluidized bed is only a sa t i s f ac to ry  approximat ion  to two different  laws of var ia t ion  
of the veloci ty  over  the zones of the boundary layer ;  it is the re fo re  m o r e  accu ra t e  to de te rmine  the veloci ty  
profi le  by zones: in the gas zone f r o m  

[ ( u-ub  1 -  I - 1 - _ j  for Y~=0.56, (7) 
U,~ ~ Ub bj 

and in the zone of gas + solid par t i c les  by a graphical  analyt ical  method [3]. 
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The approx imate  solution shows that (1) is der ived on the assumpt ion  of constant  i nc rea se  in the jet 
th ickness  in the two zones, which means  that the express ion  for  the veloci ty  at the c losure  point may  be 
put in the f o r m  

Ub _ Uoro 
0,366C~Xj" (8) 

Compar i son  of (5) and (8) shows that there  is the following re la t ion  between the jet coefficients  C 1 and C2: 

C l = C ~ / ~ g m  (9) 

This re la t ion  has been conf i rmed by exper iment  to 15% [1]. 

One the re fo re  needs to know one exper imenta l  coefficient  in o rder  to calculate  a jet in a fIuidized bed 
in the s a m e  way as  one calcula tes  for  an enclosed jet [51. 

Equation (2) contains the mean  densi ty Pay, which may  be de termined by averag ing  the mean  dens i -  
t ies  for the two zones [1]. For  each sect ion of the boundary l ayer  we can exp res s  the momentum via the 
mean  densi ty  and r e p r e s e n t  i t  as  the sum of the amounts  of momentum in each zone; then for  an axia l ly  
s y m m e t r i c  jet we have 

b29avU~v = b~ OgU2avl-+ - (b ~ - -  b] ) pnaU2v2. (10) 

The solution to (10) for  Pav is 

b~ 2. ~2 h 2 / 12 
Uavt t- .Om TM --~"i:- •avz. (11) 

flav= v g ~ " 7~,2- " b 2 H2 
U a v  v ,:q.v 

The mean  densi ty  in the boundary l ayer  va r i e s  along the length in accordance  with the gas densi ty 
w at the p o i n t X = X j .  In this case ,  pg at the edge of the nozzle up to the mean  densi ty  in the mixed zone Pm 

to sa t i s fy  (10) a t  any point along the jet i t  is n e c e s s a r y  fo r  the sum of the coeff icients  to pg and P~n to sum 
to unity in (11), i .e . ,  

t t  follows f r o m  (12) that 

Assuming that  

and 

2(  2) 2 
2 Uavl..~. 1 b ~  a v z  1. 

~ "  2 - -  ~ b 2 Uav Uav 

a v l ,  b2 . * 

Uav 1 = Ub + 0.84 (Um - -  Ub), 

Uav2~ U--~b 
2 '  

and express ing  b j / b  in accordance  with (1) and (4) as  

bj _ C~A 

b C1Aq-C 2' 

where  

A ~ Um - -  Ub 
$ 

Um + U~ 

we obtain, a f t e r  subst i tut ion of (13)-(16) into (11) and ce r ta in  t r ans fo rma t ions ,  the equation for  the mean  
densi ty  in the boundary l aye r  of the jet in the main  section: 

(12) 

(13) 

(14) 

(IS) 

(16) 
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C~ A 2 (0.84 U~ + 0.16 Ub) ~ 
Pay = Pg t.2 

C~ A~(O.S4Um + 0.16 Ub) 2 + ~ (2ClC~A + C~) 

(2C, qA + 
2 (17) 

If pg is much l e s s  than Pro, as follows f r o m  (1)-(5), (9), and (17), it is inevitable that a discontinuity 
occurs  in the jet [1, 4]. This  is conf i rmed by exper iment  [3, 6], which shows that the f requency of jet d i s -  
ruption does not r e m a i n  constant  and is dependent on the flow conditions; this f requency fm may  be 6-48 
tiz or  more  in the jet condition, and the flow of the jet may be considered as quas is ta t ionary ,  with constant  
max imal  p a r a m e t e r s  in the fluidized bed, which can be calculated via (1)-(5), (7)-(9), and (17). The p a r a m -  
e t r ic  c r i t e r ion  X j / H p  [3] defines the exis tence of the jet condition and, as  a specia l  case ,  the condition for  
local  exis tence of a fountain. 

We can use  (1)-(9) and (17) for  k inemat ic  calculat ion of a gas jet if  we a r e  given e i ther  C 1 or C2, as 
' and U b. It has been found by exper iment  for  local fountain conditions [3] in semiinf ini te  (hori-  well  as  Pm 

zontal and ver t ical )  gas jets  that U b is  constant along the jet and is independent of the veloci ty  and d i r e c -  
tion of d i scharge ,  the nozzle d iamete r ,  and the fluidization number .  To de te rmine  U b we can use  a fo rmula  
[8] as co r rec ted  via the fac tor  77 = 0.80, which has been derived by exper iment  for par t i c les  1-5 m m  in 
size: 

0.80 Ar 
R% 

18 ~- 0.61 V Ar 
480 ~< Reb ~< 2300; 19.8.10 ' < Ar ..< 313.104. 

(is) 

The exper imenta l  constant C 1 re f lec t s  the effects  of va r ious  fac to r s  not expl ici t ly  incorpora ted ,  in 
pa r t i cu la r ,  the initial  m i e r o s t r u c t u r e  of the turbulent  flow, etc; this was de te rmined  by the above method 
using data only on the change of ve loc i ty  along the axis.  The jet flow speed in the local- fountain  s ta te  
var ied  f r o m  12 to 310 m / s e c .  The jets  emerged  f r o m  fitt ings of d i a m e t e r s  2, 3, 4, 6, 8, and 10 m m  which 
were  shaped in accordance  with the equation of [9]; the initial calculated equation for  C 1 is 

C i Uo ro 
0.366 UbX j" (19) 

The U 0 and r 0 of (19) a r e  known f r o m  conditions of the problem,  while Xj is de te rmined  f r o m  e x p e r i m e n t  
[3], and U b is calculated f rom (18) (for the given range  in the Re b and Ar),  or  e l se  it  is de te rmined  by ex-  
per iment .  Equation {19) gives re l iab le  C1, because  the veloci ty  profi le  der ived f r o m  (7) ag r ee s  well  with 
that over  the full width of the boundary l ayer  a t  var ious  par ts  in the jet as  calculated f r o m  {7); the sp read  
in the exper imenta l  points does not exceed 7.7%. 

Measu remen t s  on a jet in a monod i spe r se  fluidized bed showed that C 1 is 3-4 t imes  that for  a jet 
enter ing a gas,  which ag ree s  with exper imen t  [1], in which C 1 was de te rmined  f r o m  the veloci ty  p ro f i l e  
of the jet. Also, C 1 is not affected by the je t -f low speed,  initial  d iamete r ,  appara tus  d iamete r ,  and p a r -  
t ic le  densi ty within the ranges  used: 5600 _< Re 0 -< 310,000; 62.3 _< Re m <_ 512; 19.8 �9 104 _< Ar ~ 313- 104; 
0.016 -< d0/D _< 0.08. Independence of C 1 f r o m  the flow speed and nozzle d i ame te r  {over a wide range  in 
Re0) is cha rac t e r i s t i c  a l so  for  f r ee  jets  enter ing gas [5]. However,  C 1 is dependent on the par t ic le  d i a m -  
e te r ,  the flnidization number  (Fig. 1), and the degree  of homogenizing act ion of the jet on the fluidized bed, 
which is de te rmined  via the uniformity  p a r a m e t e r  

Qp-- Q o aQ, (20) 
n = Qc = ~ 

t ~  

the ra t io  of the gas in the l ayer  in excess  of that n e c e s s a r y  for  s t a r t  of fluidization, AQ, to the initial  jet 
m a s s  Qc" 

The jet homogenizes  the fluidized bed {Fig. 2) in  jet flow and local  fountain cases ,  w ~ l e  in bubble 
flow the re  is no such effect  [3, 6]. In the local- fountain  case  for  n* ~ 1.5-2.0 (in the range  of f luidization 

* Accura te  to 16%. 
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Fig. 1. Effect of the parameters  of a fluidized bed on the 
value of the coefficient C 1 C a, b) and on the general izat ion 
of the experimental  data by C 1 (c, d). Alumosil icate 
catalyst  (Ps = 115 k g .  sec2/mt) :  1) fract ion 2-2.5 ram; 2) 
2.5-3.0; 3) 3-4; 4) 4-5. Urea-ammophos  (Ps = 155): 5) 
f ract ion 1-4 mm (deq = 2.0). Granulated n i t r o g e n - p h o s -  
p h o r u s - p o t a s s i u m  fer t i l izer  (Ps = 180): 6) f ract ion 2-2.5 
ram; 7) 1-4 (deq = 2.1 mm). Glass spheres  (Ps = 280): 8) 
f ract ion 1.25-1.40 ram; 9) 2-2.5. 

numbers  f rom 1.0 to 2.0) the fluidized bed acquires  propert ies  charac te r i s t ic  of the uniform state [6]. Also, 
C 1 is dependent on the particle d iameter  alone, while the effects of the fluidization number on C 1 a re  e l im-  
inated. 

If n ~ 2.3-2.8 (in the range 1.0 < W _< 2.5) we find degeneration of the homogenization effect, i.e., 
degenerat ion of the effects of n on C1; the state of the layer  is nonuniform, and C 1 is dependent on the par -  
t icle diameter  and on the fluidization number.  In the nar row range 1.5-2.0 < n < 2.3-2.8, C 1 is a function 
of part icle d iameter ,  fluidization number,  and parameter  n. Here, the l a rge r  right limit to n corresponds  
to a smal le r  value of the fluidization number. 

Then the effects of the pa ramete r s  on C1 in the general  case of a nonuniform bed {in the range 1.0 
_< W -< 2.5 and n ~ 2.3-2.8) indicates there is a relationship of the form 

C, = C~ (deq., W). (2 l) 

As W = Wm/W0, w0 = w0(deq, P s ,  Pg, , ) , f r o m  (21)we get 

C 1 = C1 (win, deq, Ps, Pg,~)- (22) 

The detailed fo rm of the relat ionship may be deduced by the method of dimensions [10, 11]; of the six in- 
dependent var iables  in (22), only three independent units of measurement  (m, kg, sec) a re  available. The 
~r-theorem [11] indicates that the relat ions between the six var iables  may be represented in this case as a 
product of three dimensionless  groupings: 

C1- :  ARe~Fr ~ f/Ps la'- (23) 
\ vg/ 

In (23) we replace Fr  by the derived Galileo number [10] and exclude the grouping Ps /Pg  f rom the pa ram-  
e ters  to get 

C 1 = A 1 Re ,  At b~. (24) 

Equation (24) may be put in the fo rm 

q = A~ Gabo Wb,. (25) 
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Fig .  2. Q u a l i t a t i v e  changes  in  the  s t a t e  of 
t he  l a y e r  f o r  j e t  f low in  the l o c a l - s p o u t i n g  
mode :  a) m a t e r i a l  of l a y e r ,  a l u m o s i l i c a t e  
c a t a l y s t ,  f r a c t i o n  2 -2 .5  ram;  H 0 = 125 m m ;  
D = 125 ram;  W = 1.2 (no jet) ;  b) the  s a m e ,  
but  wi th  je t  i n j e c t i o n  a long  the ax i s  of the  
a p p a r a t u s ;  r 0 = 5 m m ;  U 0 = 30 m / s e e ;  n 
= 0.85; X f / t t p  = 0.66. F i l m i n g  a t  24 f r a m e s  

, / s e c .  

W e  p r o c e s s e d  r e s u l t s  f r o m  170 r u n s  wi th  8500 l o c a l - v e l o c i t y  m e a s u r e m e n t s  to u s e  (25) wi th  s u c c e s s i v e  
e l i m i n a t i o n  of the  c r i t e r i a  (Fig.  1) to g e t  the  fo l lowing  equa t ion  fo r  C 1 to • in  a n o n u n i f o r m  f lu id i zed  
bed:  

C 1 = 0.46 Ga ~176 W ~ 

88 -~ Ga ~(.. 3160; 1.0 .~ IV -~ 2.5; (26) 

2.3 - -  2.8 ~ n .~ 22. 

F o r  the  u n i f o r m  s t a t e  (1 ~ W ~ 2; n _ 1 .5-2 .0)  and fo r  the  c r i t i c a l  i n i t i a l  f l u i d i z a t i o n  v e l o c i t y  (W = 10), 
the  equa t ion  f o r  C 1 i s  d e r i v e d  f r o m  (26) a s  a p a r t i c u l a r  c a s e  wi th  W = 1.0 and i s  

C 1 = 0.46 Ga ~176 (27) 

W e  p r o c e s s e d  the e x p e r i m e n t a l  r e s u l t s  v i a  (24) to ge t  a c a l c u l a t e d  equa t ion  fo r  C 1 tha t  con t a in s  on ly  the  
i n i t i a l  p a r a m e t e r s  of the  bed:  

C1 = 0.81 Ar -~ R e ~  ~, (28) 

19.8.104 . ~ A r  -(.. 313. l0 a. 

The  r a n g e  in  Re  m f o r  e ach  m a t e r i a l  i s  def ined  by  1.0 _ W _ 2.5; the  r a n g e  in  Re  m in the  e x p e r i m e n t s  was  
62.3 to 512. In  the  n a r r o w  r a n g e  (1.5-2.0)  < n < (2.3-2.8)  one can  d e t e r m i n e  C 1 a s  the  a r i t h m e t i c  m e a n  of 
the  v a l u e s  ob ta ined  f r o m  (26) and (27). 

! 
We deduced  Pm v ia  e x p e r i m e n t a l  r e s u l t s  fo r  the  v e l o c i t y  a t  the  a x i s  a s  u sed  in  (1), (2), (9), (17), 

(18), (20), (26)-(28) by  s u c c e s s i v e  a p p r o x i m a t i o n  to the  point  w h e r e  (2) b e c a m e  a n  i d e n t i t y  to m3-4%. 

We found tha t  P~n was  c o n s t a n t  a l o n g  the  length  of th i s  je t  and was  dependen t  only  on the  d i a m e t e r  
and  d e n s i t y  of the  p a r t i c l e s ;  then  fo r  W = 1.0 we ge t  ( see  Fig .  3) a l i n e a r  r e l a t i o n  to the  equ iva len t  d i a m -  
e t e r  of the  p a r t i c l e s  in  the  l a y e r ,  wh ich  can  be e x p r e s s e d  a s  

P___m = 0.34 - -  0.035 deq. (29) 
0 

Pm 

Equa t ion  (29) has  b e e n  t e s t e d  fo r  the  r a n g e s  1.3 _< deq,  m m  -< 4.35;  115 _< Ps,  kg .  s e c Z / m  4 ~ 280; 0.38 - 
-< 0.56. 
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Fig. 3. Dependence of P~n/P~ on equivalent d i ame te r  
of bed par t ic les :  1) a lumosi l ica te ;  2) u r e a - a m m o p h o s  
(Ps = 155); 3) granulated n i t r o g e n -  phosphorus 
- p o t a s s i u m  fe r t i l i ze r  (Ps = 180); 4) g lass  sphe res  (Ps 
= 280). ' Pro, kg.  sec2/m4;  deq , ram. 

This method the re fo re  r equ i re s  one to know the densi ty  and f rac t ional  composi t ion of the layer  m a -  
te r ia l ,  the f luidization number ,  and of the jet and layer ,  together  with the nozzle  geometry .  The method 
provides  a bas i s  for  calculat ing the working p a r a m e t e r s  of the bed Hp and the jet (U 0 or d 0) in a se t  condi-  
tion; it a l so  enables one to de te rmine  for  given p a r a m e t e r s  of jet and bed the geome t ry  of the jet, the ve loc -  
i ty change along the  axis ,  and the c i rcula t ion speed of the par t i c les  in the jet. The e r r o r  of calculat ion 
does not exceed ~=11%. 

Also, Hp and U 0 or d o can be der ived for  given conditions via (1)-(3), (12)-(14) via [3] and (8). Here  
one f i r s t  of al l  de t e rmines  the speed at  the boundary of the gas jet, Ub, f r o m  (18) and C 1 f r o m  (26)-(28). 
To calcula te  for  a c i r cu l a r  jet and the par t ic le  c i rcu la t ion  one f i r s t  de te rmines  the n of (20), the U b of (18), 
the P~n of (29), and the jet coeff icients  C 1 of (26)-(28) and C 2 of (9). Then, one uses  a s e r i e s  of values  
Umi f r o m  U 0 to U b to de te rmine  for  each case  the Pay of (17), the b of (2), the X of (1), and the bj of (4). 

The r e su l t s  a r e  plotted as  curves  for  (b = b(X); bj = bj(X)) with al lowance for curva tu re  of a horizontal  jet, 
as  in (10) and (11) [3]. 

The method for  an annular  jet is en t i re ly  as  above for  a c i r cu la r  jet flowing in a l ayer  with a ve loci ty  
equivalent as r e g a r d s  momentum,  as  in (15) [3]. 

The curve  for  the axial  ve loci ty  Um(X ) in the main  par t  is derived f r o m  (1), (2), (9), (17), (18), (20), 
(26)-(28), while in the t rans i t ion  par t  it is  deduced by a graphica l  method with smooth connection of the end 
of the initial  pa r t  given by (4) [3] and the s t a r t  of the main  par t  of (5) [3] for  the curve  for  Um{X ). The 
dis tance Xc is  f i r s t  calculated via the above method for  Umi -- U0/2- 

Velocity profi le  in the main  par t  is calculated via (7), while in the mixed region it is calculated by the 
graphica l  method of [3]. 

It has been found that  this method can be used for  a jet in a polydisperse  fluidized bed, provided the 
equivalent  pa r t i c le  d i a m e t e r  is used and if the mix tu re  contains up to 70% of f rac t ions  differ ing by d i a m -  
e te r  by a f ac to r  of 3; it can a lso  be extended with an e r r o r  of up to 20% to the bubble condition in the fo l -  
lowing ranges  of X j / H p  [3]: 

for  the ve r t i ca l  jet: 
0.26 < Xj/H~, < 0.60, (30) 

fo r  the horizontal  jet: 

0.26 < Xj/Hp < 0.80, 

0.26 .(. Xj/Hp ~(. 2.4; 1,3 .~ d ~  4.35; 115 ~ Ps, kg. sec2/ra4...~ 280; 

1 ~W-q:2.5; 2.U~.~Uo ~ 3 1 0  m/sec. 
(31) 
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Fig. 4. Compar i son  of calculated curves  of va r ia t ion  of axial  v e -  
loci ty  and outlines of gas f l ame  with exper imenta l  data. Con- 
tinuous curves ,  calculated resul t s :  1) dynamic f l ame  boundary 
(according to experiment) .  Granulated n i t r o g e n - p h o s p h o r u s  
- p o t a s s i u m  fe r t i l i ze r ,  f rac t ion  1-4 m m  (deq = 2.1 mm,  Ps = 180 
kg- sec 2 / m 4) ; 2) W = 1.0; d o = 4 ram; U 0 = 83.5 m / s e c ;  T o = T b 
= 28 :~ 3~ 3) exper imenta l  t he rma l  boundary of f l ame  in pilot 
granula tor  with p n e u m a t i c - s p r a y e r  p a r a m e t e r s :  240 kg.  pu lp /h ;  
a lumos i l i ca te  ca ta lys t  f rac t ion  2-2.5 m m  (deq = 2.34 ram; Ps 
= 115 kg.  s e c 2 / m  4, W = 1.0); 4) d o = 10 mm;  U 0 = 26.1 m / s e c  
(vert ical  jet); 5) d0/d = 10 /7 ;  UOK = 36.6 m / s e c ;  UEK V = 26.1 
m / s e c  {annular jet); 6) d o = 10 mm;  U 0 = 26.1 m / s e c  (hori-  
zontal jet). 

The method has been tes ted in the l abo ra to ry  and on plant (Fig. 4) for  jet speeds  f r o m  2 U b to 310 
m / s e c ,  nozzle d i ame te r s  of 2-70 ram, par t ic le  densi t ies  f r o m  115 to 280 kg.  s e c 2 / m  4, f lnidization num-  
be r s  f r o m  1 to 2.5, and d0/D f r o m  0.016 to 0.08. 

Granula tors  and other such units may  use noniso thermal  jets ,  so we examined the scope for  e r r o r  in 
the jet shape, which showed that  there  was  :L4-11.5% e r r o r  in the je t width and =~15-19.2~c e r r o r  in the length 
for  U b / U  0 > 0.2 on account of the nonisothermal  conditions when 0.5 ~ | = T 0 / T  b ~ 2.0, which a r e  a ccep t -  
able l imits  of e r r o r .  A spec ia l  study is needed to examine the effects  of nonisotherma[  hot jets over  a 
wider  range  in | in propagat ion  in fiuidlzed beds. 

Uo 
U, U m 
Ub 
Uav, Uav 1, Uav2 

y, b, bj 

Ci, C2 
Pg, Ps, PJn, Pav, pO 

do (r0) 
X, Xc, Xj 

NOTATION 

is the initial  ve loci ty  of round jet outflow, m / s e e ;  
a r e  the veloci ty  along radius  {within g ivensec t ion)  and along jet axis ;  
is  the veloci ty  a t  the gas torch  boundary; 
a r e  the mean  veloci t ies  in jet boundary l ayer  section,  of gas  torch  and "gas 
- s o l i d  particlesW region; 
a r e  the cu r ren t  radius  (ordinate), half-width of boundary l aye r  of jet and of gas 
torch  (at the s a m e  section);  
a r e  the exper imenta l  coeff icients  of jet; 
a r e  the densi ty  of flnidizing agent  (jet), of solid par t i c les ,  g a s - s o l i d  par t ic les  
region,  sect ion of jet and fluidized bed a t  W = 1.0; 
is the k inemat ic  v i scos i ty  of fluidizing agent  (jet); 
is the d i ame te r  (radius) of round nozzle; 
a r e  the dis tance along axis  f r o m  nozzle edge to given sect ion of jet (abscissa) 
to the point where  ve loc i ty  is U0/2 , and m a x i m u m  length of gas torch; 
is the f requency  of jet genera t ion  cycles ;  
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deq 
W m, W0 
W 

Hp, H 0 

T0, Tb 
i I  

Qc 
Qk, Qp 

Pfa 
Rein = wmdeq /v ;  
Re b = Ubdeq/v;  
Re 0 = Uodo/v; 
Ga = gdaeq/v 2; 
Ar = (gd~q/v 2) 

" ( ( P s  - Pg)/Pg) 

is the equivalent d iameter  of layer  par t ic les ,  ram; 
a re  the operating and cr i t ica l  initial ra tes  of fluidization; 
is the fluidization number;  
is the mean veloci ty  of layer ;  
a re  the operating and s ta t ionary height of layer  over  nozzle (vertical  jet) and over  
nozzle axis (horizontal jet); 
a r e  the initial t empera tu res  of the jet and the fluidization layer;  
is the uniformity  pa ramete r ;  
is the initial mass  of je ts  reduced to conditions in layer ;  
a re  the a i r - f low ra te  for  fluidization at  cr i t ica l  initial and operating ra tes  of fluid- 
ization; 
is the p re s su re  of pulverizing agent on sprayer ;  

a re  the Reynolds,  Galilean, and Archimedean numbers .  
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