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A solution is obtained for the problem permitting determination of the depth of penetration 
and angle of deceleration of particles in the impingement zone of swirled jets. 

The motion of dispersed particles in vortex spraying apparatuses with impinging streams is very com- 
plex and governed by the effect of many forces. 

Particle motion in the jet impingement zone has been investigated in [1] for the simplest one-dimen- 
sional case. The process can be represented as follows for apparatuses with swirling jet motion. Two op- 
positely swirling gas-suspension streams move toward each other at an identical velocity. The flow is sym- 
metric relative to both the horizontal channel axis and the plane of jet impingement. Let us consider the case 
of jet escape into free space and potential flow. For low values of the particle concentration in the stream, 
the particle interaction and influence on the velocity profile can be neglected. To analyze the hydrodynamics 
of jet impingement it is  possible to limit oneself to an examination of the motion of individual particles. The 
particle shape is spherical, and we neglect gravitational forces. 

As is known, a solid particle experiences multiple damped vibrational displacements in the stream col- 
lision zone during jet impingement. Let us determine the maximum depth of particle penetration into the im- 
pinging jet and the maximum deviation of the trajectory in the tangential direction. 

For a single particle moving at the velocity W in a gas stream moving at the velocity Wg, the equation 
of motion can be written as follows: 

d W ~ JWg--{- Wl (Wg-{-W). (1) 
--rn t - - 7 - =  9 

Let us introduce the notation 
C K =  9.m vgF. (~-) 

Then in cylindrical coordinates (1) is represented as 

aW r = Wr aW r W~ OW~ W 2 OW= ~ + r a(p r~ +wz  y + K I w g + w l ( ~ , - w , ) ,  

- o~ = t e ' -a ; :  7 - "  e---g - - - ; - -  --&- +Kfwg§ 
ow, = uz~ a~v, Iv~ o~', aw, 
aw T + - - r  ' --&p +W,--~z-  +KIWg+Wl(Wgz+Wg)" 

(~) 

Going over to total differentials, we obtain the following system of differential equations: 
aw, ~ :  . . . .  �9 + K iw~ + w / ( % ,  - ~ , )  
dr Wr r Wr ' 

dcp �9 W~ 
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aw, = KAwg+ w ! (w~z+ w~) 
dz W~ 

The  Stokes mode  domain (10 -3 < Re < 1.0), for  Which c = 2 4 / R e  and the t r ans i t ion  domain (10 < Re < 
103) with c = 12.5/R~R-e"e a r e  of  g r e a t e s t  i n t e r e s t  for  our  invest igat ions .  The  Stokes domain i s  

24 24 v g 
c = .  = , (5) 

Re /Wg + W] d 

f r o m  which by subst i tut ing (2) and (5) into (4) we obtain 

K = 24.0,75 ~ (6) 
a-_V_py p. 

Taking  account of  (5), we  wr i t e  the s y s t e m  (4) as 

_ dW___r_~ = _ Y_t% + K _(Wg - -  W~) , 
dr Wrr W r 

dW~ _ Wr + K ( ~  ~ + W~) r, (7) 
dq~ W, 

dW, = K (UTgz+ W~) 
dz W z 

It has  been  shown in [2] that  the theory  of je t  impac t  on a wall  [3] can be  used  for  s y m m e t r i c  je ts .  

Then the e x p r e s s i o n  for  the  veloci ty  potent ia l  can be wr i t t en  as follows in the a x i s y m m e t r i c  case :  

,a = _M ( . -  2z ~ + r~), i8) 
2 

whe re  ]VI = l Wgl ] / 2H  and Wg 1 i s  the veloci ty  at the exit f rom the chamber .  

Different ia t ing (8) with r e s pec t  to r and z, we obtain an expres s ion  for  the rad ia l  and axial  veloci ty  
component  s:  

Wg r = Mr, IfTg z = - -  2Mz. (9) 

Consider ing p a r t i c l e  dece le ra t ion  in the rad ia l  d i rec t ion  insignif icant ,  let  us de t e rmine  the t r a j e c t o r y  of i t s  
motion. Since Wg r = d r / d r ,  f rom (9) we have 

dr 
- -  M d * .  ( 1 0 )  

F 

In tegra t ing  (10) we obtain 

r = r 0 eML (11) 

Let us  cons ide r  the ve loc i t i es  of  both gas  j e t s  to be  zero  in the plane of t he i r  impingement .  The par t ic le  
ve loci ty  in this  p lane  equals  the veloci ty  of  the lift ing gas  s t r e a m  Wg 1 st the exit f rom the chamber  b ecau se  
of i ne r t i a  and it  equals  zero  at the m a x i m u m  depth of  pene t ra t ion  in the impinging s t r e a m  [1]. Taking the 
above into account,  the f i r s t  equation in (7) i s  not examined,  s ince the law of pa r t i c l e  mot ion (11) i s  known in 
the rad ia l  direct ion.  Then (7) can be  wr i t t en  as 

dcp W~ ' (12) 

dW. K ( w g z +  w.) (1~) 
• v ,  

In tegra t ing  (12) and (13), we obtain an expres s ion  for  the magni tude of the m a x i m u m  dece le ra t ion  angle and 
the  depth of  p a r t i c l e  pene t ra t ion  into the impinging s t r e a m  (axial spatter)  for  the Stokes domain 

1 K r (M + K) ~ K (pm~x = - - - -  M +  (Wg, + Wr r ~ ~ , 

The  t r ans i t ion  domain  for  which 

zm,x == 0.0166 d2~TPWgz . 
Vg?g 

(15) 

12.5 ~/~v (16) 
C---- y.lWg -}- W]dp ' 
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is  then 
�9 vo.S ?.  

Kt = 9.4 ~ e 1,5 dp Vp (17) 

Since dSq~ = rd~0, let  us wr i t e  the sys tem of equations (4) as follows: 

dW,p _ M -{- K t [(Wg, -{- W',)' --I- (Wgz -I- W=)] x)' _(Wg,;, I~7~) 
dS, , ( 1 8 )  

aw, = Kt [(Wg, + w,), +(Wgz + w,)],/, (w~ + w,) (19) 
& W, " 

Let us express the relationship between the tangential and axial gas stream components as the depen- 
dence 

where  a i s  a constant for  this  radius.  
count, we can set M =' 0. 

Taking the above into account, (18) and (19) a re  wr i t ten  as 

a'IV, g ( =2 + 1 ~ '/4 (lV~ + Wd3/2 

dS~ ~ ~ ~ 1  w, 

dWz = gt (o~ _~_ 1)1/4 , (Wgz ~- W=) 3/2 
dz . IV, 

Since pa r t i c l e  dece le ra t ion  in the radial  d i rec t ion is  not taken into ac- 

(20) 

(21) 

Integrat ing (20) and (21), we obtain an express ion  for  the maximum dece le ra t ion  path in the tangential  and 
axial d i rect ions ,  respec t ive ly ,  

0 

S~ 
K~ =~+  1 (Wgo+ ~)~ K~ [ ~ - W i - ,  ' (221 

0.23 (e' -t- 1)-U' ]/W-~-gz 
Zma x ~ . Kt (23) 

The time of complete particle deceleration can be found from (20) and (21), 

1 (  1 )'/4 l 
�9 max = 0.Sa - - ~  ~ VWgI' (24) 

Then the express ions  for  the maximum dece le ra t ion  angle and the axial spa t te r  a re  wr i t ten  as follows: 

~max = 0,0245 1 d"S%'r ( ~' )'/'VW-g'g~, (25) 
r vo.5 ?g ~2 _~ 1 

d"S V, VWgg (26) zm= ---- 0,245 v ~ Tg(~' + l) '/4 

The dependences (25) and (26) have been obtained under a number of assumptions whose legitimacy 
must be verified experimentally. 

A method which permits determination of the fluid particle-motion velocity in a swirling gas stream by 
record ing  the instant  of  a charge  in e lec t r i ca l  conductivity of the  t r ansduce r  sensors  when they a re  wet ted by 
the d i spe r sed  fluid was used for  the investigation.  

The  p rac t i ca l  rea l iza t ion  of the method we developed is  r ep re sen ted  in Fig. 1. The  main  e lements  of 
the measu r ing  c i rcui t  a re  t r an sduce r s  which a re  connected through autonomous t r ans i s to r i zed  switches to a 
r e c o r d e r :  e i ther  an N-700 l ight -beam osci l lograph o r  a ChZ-33 e lec t ronic  f requency mete r .  In this  case,  
the l a t t e r  can opera te  in  the mode to m e a s u r e  t ime  in te rva ls  between two e lec t r i ca l  signals. 

The  t r a n s d u c e r  sensor s  7 are  fabr ica ted  f rom ~ 50-100 ~ nickel w i re  with sur face  lacquer  insulation: 
The  w i r e  i s  wound on a cyl inder  in two para l l e l ,  c losely  packed windings, whereupon two mutually insulated 

�9 loops a re  formed.  The ou te r  surface  of the loops has  the insulation removed  and the t r a n s d u c e r  surface  
t h e r e f o r e  has an open e lec t r i ca l  contact with the suspended s t r e a m  drops.  Two leads,  one f rom each t r a n s -  
ducer  loop, a re  i n se r t ed  in the autonomous t r a n s i s t o r i z e d  switch c i rcui t  8, whose output is  coupled to the in-  
put channel of the r e c o r d e r  9. 
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# 7 5 g / $ 6 6  # 

Fig. 1. D iag ram of the expe r imen ta l  appara tus  [1, 2) 
tanks  for  the fluid; 4) vor tex  chamber ;  5) valve;  
6) t r a n s i s t o r i z e d  switch module;  see  text  for  r e m a i n -  
ing notation]. 

To fix the  ini t ial  ins tant  at which the  fluid e m e r g e s  f r o m  the nozzle ,  two e l ec t rodes  10 of ~ 50-~ 
pla t inum w i r e  a r e  mounted  at the a t o m i z e r  nozzle  exit 3. The  e l ec t rodes  10 a r e  connected into the m e a s u r i n g  
c i rcui t  of the device  9 analogously to the t r a n s d u c e r  connection. The  th resho ld  of t r i g g e r  act ivat ion was  r egu-  
la ted  by the r e s i s t o r s  1~ and R 3 for  definite va lues  of Rin which i s  i n t e r r e l a t e d  to the e l ec t r i ca l  r e s i s t i v i t y  
of  the drops  shor t ing  two adjacent  tu rns  of the t r a n s d u c e r s  7 at the t i m e  they a r e  wet ted by the fluid. T h e r e -  
fore ,  the c i rcu i t  r e sponse  is  de te rmined  by the p a r a m e t e r s  of  the r e s i s t o r s  R i, R3, and the c i rcui t  input 
r e s i s t a n c e  l~n  due to the e l ec t r i ca l  conductivity of the wett ing fluid. 

The  s y s t e m  was  checked out with dis t i l led  wa te r ,  hence switching of  the t r a n s i s t o r s  Ti  and T2 did not 
occur .  Then a specif ic  quantity of hydrochlor ic  acid was  supplied to the dist i l late.  The e l ec t r i ca l  r e s i s t i v i t y  
of  the w a t e r  was  reduced  considerably .  The  drop in r e s i s t a n c e  Rin r e su l t s  in a voltage appear ing  at the base  
of  the t r a n s i s t o r  T 2 which is  sufficient to open it. The t i m e  of  switching of the t r a n s i s t o r s  Tl  and T 2 was  
fixed b y  the N-700 r e c o r d e r ,  and this  uniquely de te rmined  the  t ime  the liquid phase  r eached  the t r a n s d u c e r s  
(the points  11, 12, 13, and 14). 

The  t i m e  in t e rva l s  be tween t r a n s i s t o r - s w i t c h  activations which uniquely de t e rmine  the t i m e  the d i s -  
p e r s e d  liquid phase  p a s s e s  the axial sect ion of the chambe r  of  i n t e r e s t  to us,  can be  de te rmined  by means  of 
the  o s c i l l o g r a m s  of the mot ion velocity.  

An o s c i l l o g r a m  record ing  the drop mot ion in the chambe r  i s  shown in Fig. 2. The  b r e a k  in the solid 
l ine a shows the t i m e  of fluid e m e r g e n c e  f r o m  the a tomize r ,  and the l ines  b~ c, and d show the t ime  of drop 
contact  with the  su r face  of  the t r a n s d u c e r s  mounted at specif ic  d is tances  f rom th~ a tomizer .  

Zm~ 

S 
e ~o ~ d 

Fig. 2 Fig. 3 

Fig. 2. Osc i l l og ram record ing  drop contact  with t r a n s d u c e r s .  

Fig. 3. Dependence of the depth of pa r t i c l e  pene t ra t ion  in the  

s t r e a m  i m p i n g e m e n t z o n e o n t h e i r  d i a m e t e r  Zmax, m;  d ,  ~. 
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An analysis of the oscil logram shows that distinct deviations of the light beam are observed at the 
same measurement point. This is evidently caused by the distinct resis tance of the drops wetting the t rans -  
ducer. 

In turn, the resistance depends on the diameter  of the drops. Hence, the size of the drops incident on 
the t ransducer  can be determined by means of the magnitude of the current.  

Experiments conducted with a given different part icle  diameter,  obtained by using a drop generator [4], 
afforded the possibility of constructing a calibration curve to determine the drop diameter as a function of 
the value of the current.  Results of an analytical computation are  compared in Fig. 3 with experimental r e -  
sults characterizing the depth of fluid part icle  penetration zmax in the symmetr ic  domain of the jet impinge- 
ment zone or,  in other words, the part icle  deceleration path in the axial direction, in order  to analyze the 
hydrodynamics of the swirling jet impingement zone. 

The resul ts  of an analytical investigation are verif ied completely satisfactorily by the experimental 
check. 

The maximum value of the deceleration path fluctuated within the range 0.01-0.11 m for fluid drops of 
the size 100-1000 ~. 

N O T A T I O N  

m, par t ic le  mass; ~/r, specific gravity of the gas; 7p, specific gravity of the part icle;  F, middle sec- 
tion; c, frontal drag coefficient; Re, Reynolds number; v, kinematic viscosity; d, part icle diameter; Wgl, 
velocity at chamber exit; H, spacing between end faces; Wq~, Wr, Wz, tangential, radial, and axial gas veloci- 
t ies;  7, t ime; Zmax, maximum depth of part icle  penetration in the swirling impinging stream. 
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B E H A V I O R  O F  P O L Y D I S P E R S E  P A R T I C L E  C L O U D  

IN GAS FLO W AT LOW R E Y N O L D S  N U M B E R S  

V. M. L i v e n t s o v  a n d  A. E. M o z o l ' k o v  UDC 532.529.5 

Expressions which describe the behavior of par t ic les  in a fluidized bed are obtained and 
studied. Comparative values are given for mass flow and energy of entrained part icles as a 
function of relative concentration of par t ic les  of a different type. 

A theoretical  expression Was obtained [1] with the help of a point-force approximation for the resistive 
f6rce acting on a uniform polydisperse cloud of par t ic les  in the direction of gas flow at low Reynolds numbers. 

The essence of the point-force approximation is the following: The perturbation introduced by a sphere 
in a flow at low Reynolds numbers is replaced by a point force applied to the center of the sphere. This 
force is assumed equal in magnitude but opposite in direction to the viscous force acting on a part icle in the 
direction of flow. 
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