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The r e s u l t s  of an expe r imen ta l  study of the in te rac t ion  between two p a r a l l e l  whir l ing j e t s  
a r e  p r e s e n t e d .  The superpos i t ion  p r inc ip l e  is  e s t ab l i shed  for the t angen t i a l -ve loc i ty  f ield 
of t w o p a r a l l e l  v o r t i c e s .  

The development  of new methods for regu la t ing  furnace  p r o c e s s e s  so that the bo i l e r  aggrega te  wil l  
p e r f o r m  as  r e q u i r e d  within a wide range  of Ioad l eve l s  and during the s i m u l t a n e o u s - - s e p a r a t e  combust ion 
of different  fuels  has led to the fo rmat ion  of a p rocedu re  for contro l l ing  the fue l -gas  dynamics  on the bas i s  
of the i n t e r ac t ion  between twin v o r t i c e s  [11. 

The effect of th is  i n t e rac t ion  has been s tudied on a furnace  model  1200 x 1300 x 2700 mm in s ize  
with two r e v e r s i b l e  b u r n e r s  d = 100 and d = 150 mm in d i a m e t e r .  The burner  s y s t e m  was des igned with 
p rov i s ion  for the two je t s  to whir l  e i the r  in the same  or in opposi te  d i r ec t i ons .  The amount of twist  and 
the d i rec t ion  of whir l ing could be va r i ed  by changing the pos i t ion  of a cy l ind r i ca l  s l ide valve in each b u r -  
ne r .  The des ign  p a r a m e t e r  n defining the twist  accord ing  to the method in [2] was v a r i e d  within the range  
0.73-2.23.  This  p a r a m e t e r  had been  defined in t e r m s  of the s p r e a d e r  s y s t e m  geomet ry :  

d 2 (1)  
1 2 ~  ~ C O S O ~  
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where  d denotes  the d i a m e t e r  of the cy l ind r i ca l  channel,  L the ac t ive  length of the s p r e a d e r  (along the 
bu rne r  axis) ,  m the mumber  of vanes,  ~ the sho r t e s t  d is tance  between vanes,  and cr the angle between a 
vane and the tangent to the s p r e a d e r  hub pass ing  through the tip of that vane.  

The ve loc i t i e s  of the whir l ing  j e t s  were  m e a s u r e d  with a cy l ind r i ca l  p robe  in a plane through the 
bu rne r  axes,  at d i s t ances  f rom the nozzle x / d  = 0 to 6. As a r e su l t ,  it was poss ib l e  to e s t ab l i sh  the opt i -  
mal  c e n t e r - t o - c e n t e r  d i s t ances  between the b u r n e r s  for  producing an in t e rac t ion  f ie ld between the two 
parallel vortices and to evaluate the effect of the jet twist on this interaction. 

The essence of the investigated phenomenon is as follows. 

In a system which contains two parallel turbulently whirling furnace jets, already at a definite dis- 
tance apart depending on their twists and initial momenta, in the region separating them there appears 
in the plane through their axes a resultant field of tangential velocities equal to the algebraic sum of the res- 
pective tangential velocities of the two individual vortices. The character of this resultant tangential- 
velocity field depends on the sense of rotation of the interacting jets. 

When the jets are whirling in opposite directions, then the resultant tangential velocity is equal to 
twice the tangential velocity of either jet (if both jets are of the same dimensions and intensities) at half 
the distance R between the two jet axes. When the jets are whirling in the same direction, then the re- 
sultant tangential velocity is zero at this distance and has opposite signs on both sides of the point R/2, 
these signs depending on the direction of whirling. 
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Fig. 1. Exper imenta l ly  de te rmined  dis tr ibut ion of tangential  ve l -  
oci t ies  in the region between the two jet axes:  1) x /d  = 1.5; 2) 
2.5; 3) 3.5. 

The results of experimental studies concerning the interaction between twin vortices are shown in 
Fig. 1. The curves of the distribution of the resultant tangential velocities plotted for distances of a few 
nozzle diameters confirm these conclusions. 

The field of interaction of the vortices may, to the first approximation, be described on the basis 
of an analysis of two ideal vortices. 

As is well known, the tangential-velocity distribution in the field of a vortex (inside regions of radii 
R i and R2) and outside it is as shown in Fig. 2. The superposition principle applies in the plane passing 
through the axes of both ideal vortices and, as a corollary, the tangential velocities add algebraically: 

~ ~ (2) 
U~= I ~  +%R--r" 

The resultant tangential-velocity field obtained by combining ideal vortices in aecor dance with Eq. 
(2) cannot quite adequately explain the interaction between real vortices propagating in a viscous medium, 
since their interaction is accompanied not only by turbulent diffusion in the perpendicular plane but also by 
convective as well as diffusive displacement in the direction of the jet flow. 

Calculating the interaction between two vortices is a complicated mathematical problem a solution to 
which can, in principle, be arrived at on the basis of boundary-layer equations. It is to be noted, however, 
that, since boundary-layer equations are nonlinear, they do not directly yield a superposition of velocity 
fields of interacting vortices. 

Of all the known semiempirical methods of solving jet problems, the method most applicable for this 
particular case is that used for solving the equivalent problem in heat-conduction theory [3]. The gist of 
this method is that, instead of solving nonlinear boundary-layer equations for the velocity and pressure 
components, the linear equation of transient heat conduction 

OB _ c)2B + l l _ .  OB (3) 
0~ 0~ 2 ~ 0,1 

is solved in a fictitious (~, ~)-space for the variable B which is a definite function of velocity and pres-  
sure components. 

It has been shown in [3] that, for a large class of self-simulating and certain nonself-simulating 
flows, mapping from the (}, ~)-spaee into the real (x, y)-space is effected as follows: 

= ~ (x ) ,  ,1 = y .  ( 4 )  

The function ~(x) is de te rmined  by compar ing  the solution to Eq. (3) with the exper imenta l  data at a 
fixed value of y ( e .g . ,  at y = 0). 

The method of the equivalent heat-conduct ion p rob lem has been used successfu l ly  in calculat ing the 
ae rodynamics  of s t ra ight  je ts  with the flow densi ty pU 2 as  the va r i ab l e  B [3]. 

The calculat ion of whirling jets  is  more  compl ica ted .  Without dwelling now on the axial  ve loci t ies  
in a whirl ing jet [4, 5], we will consider  in more  detail  the tangential  ve loc i t i es .  It was  or iginal ly  sug-  
gested in [5] that the tangential  veloci ty  Uq~ be de te rmined  f r o m  Eq. (3) with B = PU b .  As has  been shown 
subsequently in [4], however,  it is not leg i t imate  to use  Eq. (3) in calculating pU B because  of the incom-  

U 2 pat ibi l i ty  between Eq. (3) and the boundary condition P ~oJy=0 = 0 which the va r i ab le  pU~ must  sa t i s fy .  It 
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Fig.  2. Dis t r ibut ion of the veloci ty  U~0 in the field of an ideal vor tex  

and outside it. 

has been shown in [4] that the diffusion equation (3) is sa t is f ied not by pU~ but by the vor tex  vec tor  c o m -  
ponent Zx, which is  defined as  

z~= L .  o(yg~) (5) 
y Oy 

The tangential  ve loc i ty  U ~o is then de te rmined  f r o m  the diffusion equation for the vor tex  vec tor  Z x. The 
p rocedure  for  calculat ing U9 according  to [4] is based  on the following. 

It has been  proved  r igo rous ly  in [6], based  on the hydrodynamics  of a v i scous  l amina r  flow, that 
vor tex  Z = c u r l ~  sa t i s f i e s  the equation of t r ans ien t  heat conduction 

o z = ~az .  (6) 
Ot 

The vec to r  equation (6) is equivalent to th ree  sca la r  equations for the vor t ex  components  Zx, Zy, 
Z(p. A convers ion  f r o m  Eq. (6) for  the Z x vor t ex  component to the equivalent heat-conduct ion p rob lem 
will, in the axial ly  s y m m e t r i c a l  case,  yield 

OZ~ = 02Z~ + l_. OZ~ ( 7 )  

O~z Oy ~ y Oy 

The initial  condition for  Eq. (7) is given as  Z01 ~Z =0 = Z0(Y) and the boundary condition is defined as  Z x 
--~ 0 at infinity. The solution to Eq. (7) is known [3] and can be wri t ten  as  

z (~z, Y) - 2~ z 

0 

Here  I 0 is the f i r s t - o r d e r  B es s e l  function, r is the va r i ab le  radius  in the plane ~ = 0 .  F r o m  the r e l a -  
tion between Z x and Ucp according  to (5) we find the tangential  velocity:  

The solution for Ue  is  then 

g 

u~ = 1--y S Z~ydy. 
0 

(9) 

1 ~ y~ ~ r 2 

0 0 

The p r o c e d u r e  for  calculat ing U~o according  to Eq. (10) has been shown in [4] and is as follows. 

The init ial  Z0(r) prof i le  at the nozzle throat  is  approximated  by a p iecewise  d i s c r e t e  function. H e r e  
Z0(r) is found accord ing  to Eq. (5): 

Z o(r)= 1 O(rU~) _ U~ @ OUr (11) 
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Fig .3 .  Rota t ional -ve loci ty  f ield in a single whirling jet: a) n = 0.32; b) 0.51; c) 0.74; 
1) tes t  data; 2) theore t ica l  data.  

F ig .4 .  Function ~f}(x) for a twisted jet: n = 0.73 (1), 1.09 (2), and 2.23 (3). 

the der iva t ive  aUr  being rep laced  by the ra t io  of inc rement s .  The express ion  for Z x can then be r e -  
duced to the sum of so -ca l l ed  P-funct ions:  

1 

0 

(12) 

which have been tabulated in [3]. After Z x is  de termined,  ve loci ty  U~ wiI1 be found by a numer ica l  [n-  
tegra t ion  of (9). 

Calculations and tes t  r e s u l t s  for a single jet with var ious  twis ts  a r e  compared  in F ig .3 .  The ca l -  
culated r e su l t s  a r e  seen  here  to agree  c lose ly  with the tes t  data, despite  the p r e sence  of a b a c k s t r e a m  
region.  

According to the equ iva len t -prob lem method, a theore t ica l  calculat ion of tangent ia l -ve loc i ty  p r o -  
f i les r equ i r e s  a t r ans fo rma t ion  of coordinates  f r o m  ~, ~? to x, y. Here  the ~(x) re la t ion  was found by c o m -  
par ing theore t ica l  and exper imenta l  values  along the jet ax is .  The ~ ( x )  curve  is  shown in Fig. 4. One can 
see that, as  the twist n is increased ,  ~(k) i n c r e a s e s  too, and this indicates a s t ronger  turbulizat ion of the 
jet  at l a r g e r  twist va lues .  The magnitude of f~(x) i n c r e a s e s  a lso  with the distance f rom the nozzle throa t .  

The sugges ted  p rocedure  for  calculat ing U~ has been checked out a l so  on a set  of two concentr ic  
je ts  with the inner a i r  jet whtrl ing and sur roundedby  a t h i n g a s  jet .  The calculated r e su l t s  ag reed  c lose ly  with 
tes t  data.  Thus,  this  method of de termining U in wb_irling je ts  has  been p roved  appl icable  to the ent i re  
gamut of twisted je ts  found in p rac t i ce .  

The use of Eq. (3) for  vor tex  Z• r e s u l t s  in a l inear  re la t ion  between Z x and U~p according to Eq. (5) 
and, consequently, the tangential  v e l o c t t y U c a s w e t l a s  Zx sa t i s f i es  the l inear  different ia l  equation. It 
follows, then, that the superposi t ion  pr inciple  should apply to U~o fields produced by seve ra l  sources ,  since 
the equation which desc r ibes  the vor tex  magnitude is  l inear .  As is  well known, such equations can be 
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solved by the method of sou rces .  This  leads to the immedia te  conclusion that the resul t ing  field due to 
in te rac t ion  between two je t s  can be found by adding the f ie lds  produced by each jet  alone.  There fo re ,  a 
calculat ion of the resu l tan t  tangent ia l -ve loc i ty  field can be reduced to an a lgebra ic  addition of the tangen-  
t ial  ve loc i t ies  in the individual in terac t ing  jets,  as  de te rmined  by the method in [4]. 

An appl icat ion of the method of the equivalent heat -conduct ion p r o b l e m  does not au tomat ica l ly  imply 
that all  quanti t ies  descr ib ing  a jet  a r e  subject  to the superpos i t ion  pr inc ip le .  In the case  of s t ra ight  jets ,  
for example,  not the axial  ve loc i t ies  but the flow densi t ies  p U  2 a r e  additive a lgebra ica l ly .  By the s ame  
token, if Eq. (3) were  applied to pU~, as  suggested in [5], the tangential  ve loc i t i es  could not become  ad-  
ditive a lgebra ica l ly .  

In o rde r  to ca lcula te  the observed  effect of in terac t ion  between two para l l e l  vo r t i ces ,  the equation of 
heat conduction must  be applied d i rec t ly  to the quantity U~ or to any other quantity l inear ly  r e l a t ed  to it. 
This  p roves  that the method p roposed  in [4] for calculat ing U~ on the bas i s  of vor tex  diffusion is suff ic ient-  
ly a c c u r a t e  for  the descr ip t ion  of the tangent ia l -ve loc i ty  f ields in complex jet s t r e a m s .  

V~ 
r 

R 
B 

P 
P 

t 
V 
~,~ 
n 

U~ 

NOTATION 

a r e  veloci ty  components  (axial and tangential),  m / s e c ;  
~s the angular  velocity,  sec- t ;  
ks the c e n t e r - t o - c e n t e r  d is tance between vor t i ces ,  m; 
is the t r a n s f e r r e d  substance;  
is the density, kg / cm3;  
is t hek inemat i c  viscosi ty;  
is  the t ime; 
is the Laplace  opera tor ;  
a r e  f ict i t ious coordina tes  (longitudinal and t r ansve r se ) ;  
is the design p a r a m e t e r  cha rac te r i z ing  the twist,  equal to the ra t io  of the momen tum at the burner  
en t rance  to the momen tum at the burne r  throat .  
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