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Results are repor ted  for an experimental  investigation of the transit ion flow region in a free 
ax i symmetr ic  jet of incompressible  viscous fluid ejected from a profiled nozzle and long cy-  
lindrical tube. 

Not enough attention has been devoted to flow in the laminar- turbulent  transit ion region in free jets 
of an incompress ib le  viscous fluid. This is indicated, in par t icu lar ,  by the lack of detailed data in mono-  
graphs and surveys  concerned with the appearance of turbulence [1-3] and with free jets [4-6]. 

Isolated interest ing discussions of the transit ion in jet flow occur  in severa l  ar t ic les ,  where the phe-  

nomenon is d iscussed f rom various viewpoints. 

In [7-9], the jet stabili ty problem has been solved within the f ramework of the l inear theory. Obse r -  
vations of the transit ion and measurements  of the velocity (mean and pulsation) have been discussed in 
[10-20]. In certain cases ,  attempts have been made to determine the charac te r i s t i c  pa rame te r s ,  the length 
of the transit ion section,  etc. Qualitative aspects of the relationship between the effective viscosi ty and the 
Reynolds number during the transit ion have been discussed in [20]. 

Certain authors,  in addition to studying the transit ion in jets in "natural" form have repor ted  results  
obtained by applying acoustical  oscillations to the transit ion.  In these studies (see, in par t icular ,  the 
photographs of [21]) certain resonance effects have been demonstra ted,  and detailed spectra l  data given [12]. 

On the whole, however,  the investigation of the laminar- turbulent  transit ion in free jets is far  from 
completed~ par t icular ly  f rom the quantitative viewpoint. The data given here  represent  a certain contr ibu-  
tion in this area.  

We note that our problem is of considerable theoretical  interest ,  since we are concerned with a r e l a -  
tively l i t t le-studied transit ion region for a free flow far from solid walls. 

The problem is of pract ical  interest  for h igh- tempera ture  p lasma jets (fairly low Reynolds numbers) ,  
for problems of fluidics, and for f lame combustion. Moreover ,  interaction effects of molecular  and molar  
exchange appear on the initial sections of free turbulent jets (part icularly when the initial turbulence is 
art if icial ly suppressed) .  Thus viscosi ty may have a significant influence for Reynolds-number  values 
(computed from outlet pa ramete r s )  of the o rder  of 103-2 �9 104. This is important  for proper  interpretat ion 
of experimental  resul ts  and, in par t icu lar ,  general izat ion of the effective t ranspor t  coefficients obtained. 
The common notion that motion in f ree jets is turbulent almost  f rom the very beginning (from the nozzle 
edge) for this region of Re values cannot be assumed valid for the general  case.  As an i l lustration, in 
Fig. 1 we have shown an air  jet (carrying smoke) leaving a tube ( l / d  = 100) for three values of Re. The 
photograph clear ly  shows initial sections in which the flow is near ly  laminar.  Visible turbulence appears 
some distance f rom the outlet. As we shall show, these and s imi la r  visual observations are supported by 
direct  measuremen t  of average and pulsation quantities. 

The nature of the flow and the developmental dynamics of the jet a r e  substantially influenced by the 
initial conditions: the velocity profile at the nozzle outlet, the turbulence level, etc. In this connection, it 
is of interest  to pe r fo rm an experiment with various initial velocity profi les ,  and with a regulated initial 
turbulence level. Below we shall give data obtained for two limiting cases  of a stabilized (for a given value 
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TABLE i. P a r a m e t e r s  of Inves t iga t ed  Regimes 

Characteristic 

�9 J.l~ dia- max. Outlet irnean outlet 
type of nea~ !velocity, ivelocity, Ua~ 

irneter, rnm urn0 , m/sec Lm/sec 

Tube, l/d= 
100 

The sa?e 

Nozzle (corn- I 
pressed I 
along cross ' 
section 

10--53 6--42 

6 
10 
14 

3,8 

Range of parameter variation 

Reynolds number IStrouhal number 
Uav a /Sh= n d/uav 

R e o  ~ v 

3,8 

13,5--38 10--30 
16--42 12,5--32,5 
20--52 15,5--38 

8--68 8--68 

1,6.103--10 .103 

4.103--11,7.103 
8,5.103--22.10 a 

14.103--33.103 

12- I03--I 7-103 0--0, 12 

F ig .  1. Deve lopmen t  of f r ee  je ts  for  v a r i -  
ous Reynolds  n u m b e r s  (flow f r o m  a tube):  
I) Re = 2000; II) 5000; III) 8000. 

of Re) ve loc i ty  prof i le  with flow f rom a long tube (Z/d = 100) 
and a n e a r l y  un i f o r m  prof i le  for  flow f rom a prof i led  nozz le .  
F i g u r e  2a shows the in i t i a l  ve loc i ty  p rof i l e s  for the d i f fe ren t  
flow cond i t ions .  

F o r n o z z l e f l o w ,  in addi t ion to je ts  with "na tu ra l "  t u r -  
bu l ence ,  je ts  with i n c r e a s e d  in i t ia l  t u r b u l e n c e  levels  have 
been  inves t iga ted ;  he re  an effect ive  t u rbu l ence  g e n e r a t o r  in 
the fo rm of a m e c h a n i c a l  p u l s a t o r  was used  [22, 23]. Ap-  
p a r e n t l y ,  no such e x p e r i m e n t  with ac t ive  m e c h a n i c a l  act ion 
on the t r a n s i t i o n  condi t ions  h a d b e e n  p e r f o r m e d  p r e v i o u s l y .  

To prov ide  a gene ra l  c h a r a c t e r i z a t i o n  of the e x p e r i -  

m e n t s ,  Tab le  1 gives  the b a s i c  p a r a m e t e r s  of the se tups  and 
the r e g i m e s  inves t iga t ed .  

In all  c a s e s ,  the m e a s u r e m e n t s  were  taken in a s t r e a m  

of r o o m - t e m p e r a t u r e  a i r  f lowing into an unbounded space  
t i l t ed  with a i r  at the s a m e  t e m p e r a t u r e  (and a t m o s p h e r i c  
p r e s s u r e ) .  

The e x p e r i m e n t s  with a p ro f i l ed  nozz le  we re  c a r r i e d  out both in the absence  of a t u r b u l e n c e  g e n e r a t o r  
(Sh = 0), and for  va r ious  speeds  of the t u r b u l i z i n g  d isc  (n = 0-10 �9 103). A t u r b u l e n c e  g e n e r a t o r  r e s e m b l i n g  
the one d e s c r i b e d  p r e v i o u s l y  [22] was i n s t a l l ed  in a wide sec t ion  of the l ine (dl = 32 m m ) ,  90 m m  away f rom 
the nozz le  edge (the length l n = 32 mm) .  The d i a m e t e r  of the t u r b u l i z i n g  d isc  was d t = 28 m m .  

| t  
"~ i ~ H  + -  6 I - - t  

' 'k n-- 7 

j ~e 0 o @ qe b, o q, q~ x, e y/d 

Fig. 2. Initial velocity profiles for flow from tube [1-4] 
and nozzle (1-8) (a), and velocity distribution in cross 
sections (flowfrom tube) (b): a) I) Re 0 = 2700; 2) 4750; 
3) 18,300; 4) 35,600; 5) 2000; 6) 3000; 7) 4600; 8) 26,000; 
b) for Re 0 =2070: l)x/d = 0; 2) 13; 3) 19; for Re 0 
=23,200: 4) x/d= 0; 5)2; 6)7; 7)13; 8)19. 

943 



~a 

q4 

0 

U r 
Um 

zo 

/o 

w �9 
' 1  & J  

a - t  " - 6  
+ - 2  (~ -7  
0 - 3  A - a  

, x - z t  v _ 9  
�9 - 5  v - t O  

, f  

) 

A ++1 
O' 

& - -  
o - -  

8 /6 

+I i _ _  / 5  

AP e ~ 
e e  

2+ 0 8 

x - !  

A - - 3  

$- -  5 

o m 2 

F ig .  3. Var ia t ion  in veloci ty  and turbulence  in tens i ty  along jet  
axis f o r v a r i o u s  values of Re: a) flow f rom tube: 1) Re 0 = 2070; 
2) 4000; 3) 25,850; 4) 2700; 5) 4650; 6) 18,300; 7) 3000; 8) 
5500; 9) 21,600; 10) 35,600; b) f t o w f r o m n o z z l e :  1) Re 0=2000;  
2) 3000; 3) 4600; 4) 6290; 5) 13,200; c) flow f rom tube: 1) Re 0 
=1770;  2) 2900; 3) 4250; 4) 8300; d) f l o w f r o m n o z z l e :  1) Re 0 
=2000; 2) 3000; 3) 4600; 4) 6200; 5) 20,600. 

The dynamic p r e s s u r e  was m e a s u r e d  by o rd ina ry  Pi to t  tubes with 0.38 mm ins ide  d i a m e t e r  and 0.12 
mm wail  th ickness .  The pulsa t ions  in the longitudinal  component of the ve loc i ty  vec to r ,  u'  = 4u ~-~-, were  
m e a s u r e d  by means  of a type ]~TAM-3A h o t - w i r e  a n e m o m e t e r ,  with 15 p d i a m e t e r  wi re .  

In all  c a s e s ,  m e a s u r e m e n t  accu racy  was checked by see ing  that the momentum densi ty  flow r e m a i n e d  
constant ,  I x = 2 ~ r f p u 2 y d y ;  Ixwas  main ta ined  to within about 3-7% (owing to the diff iculty of the m e a s u r e m e n t s ,  
the max imum deviat ion r e f e r s  to the s m a l l e s t  value Re -~ 1.5-103 in the exper iment ) .  

F igu re  3 shows the loss  in average  flow veloc i ty  Um= urn/urn0 on the je t  axis for  flow f rom a tube 
(Fig.  3a) and f rom a nozzle for  Sh = 0 (Fig.  3b), with var ious  values of Reynolds number .  

The f i r s t  thing we not ice  is the nonmonotonic r e l a t ionsh ip  between the ' in tens i ty  of jet  at tenuation and 
Re. As we see f rom Fig .  3a, for  example ,  beginning at Re = 3.103 (curve 1), an i n c r e a s e  in Re r e su l t s  
in i t ia l ly  in a sha rp  i n c r e a s e  in at tenuation ( t rans i t ion  to curve  2 for  Re = (4-6) �9 103) and then to a reduct ion 
in at tenuation (curve 3 for  Re = 15. 103). In these e xpe r i m e n t s ,  each value of Re na tura l ly  co r r e sponded  to 
its own init ial  ve loci ty  prof i le  (Fig.  2a); the change in the p rof i l e  (its "f i l l ing")  Cook place  monotonica l ly ,  
f rom a Po i seu i l l e  pa rabo la  (Re = 2 �9 103) to a c h a r a c t e r i s t i c  turbulence  prof i le  of the one-seventh  law type. 

As we see  f rom Fig .  3b, a s i m i l a r  nonmonotontc r e l a t ionsh ip  between jet  at tenuation and the value of 
Re is also found for  flow f rom a nozzle  where  the ini t ia l  ve loci ty  prof i le  r ema ins  nea r ly  constant .  The 
curves  for d i f ferent  Re values  d i f fer  less  in this case  than for  the tube, however .  

F igu re  2b c l ea r l y  shows the r e a r r a n g e m e n t  of the flow when Re Varies within the indicated range of 
values ;  it shows the d i s t r ibu t ion  of the mean veloci ty  ~ = u/u m in jet  c r o s s  sec t ions  (depending on ~ = y /d) .  
F o r  Re = 2070, up to the sec t ion  .~ = 13, the veloci ty  p rof i l e  is nea r ly  pa rabo l i c ;  at .~ >-19, it acqui res  the 
form c h a r a c t e r i s t i c  of f r ee  turbulent  flow. At h igher  values  (Re = 23,200) the veloci ty  prof i le  changes at 

= 2, and as we move away f rom the o r i f i ce ,  it co r r e sponds  to turbulent  s t r e a m  flow. 

A m o r e  comple te  p ic tu re  of the change in ave rage  veloci ty  on the jet  axis e m e r g e s  in F ig .  4a, which 
shows the r e l a t ionsh ip  Um= f(Re) for  var ious  values of ~. It is i l l u s t r a t e d  s c he m a t i c a l l y  in the upper r i g h t -  
hand co rne r .  
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Fig. 4. Relationship Um= f(Re) for jet leaving tube (a), 
variat ion in associa ted mass  along jet axis (for tube) 0a), 
a n d R e x c  r =f(Re0) (c): a) 1 ) ~ = 3 ;  2) 6; 3) 9; 4) 12; 
5) 15; 6) 18; b) 1) Re 0=2070;  2) 3000; 3) 3440; 4) 
4750; 5) 8400; 6) 11,700; 7) 14,000; 8) 23,200; e) 1) 
based on results  of measurements  of turbulence intensity; 
2) based on variat ion in relat ivehalf-width of jet; 3) f rom 
data of [141; 4) from data of [24]. 

The data obtained require  a fair ly detailed descript ion.  

As we see from Fig. 4a, for any specific distance ~, we can arb i t ra r i ly  isolate four charac te r i s t i c  
segments on the Um -- f(Re) eurve. 

In accordance  with the analytical solution to the problem of tarainar flow [6], on the f i rs t  segment the 
velocity r i ses  in proport ion to Re. This results  from the relatively smal le r  role played by the viscosi ty  
(the increased role of inertia) in the jet, which increases  the effective range. 

On the second segment,  owing to loss of stability and the appearance of intense pulsations, we find a 
qualitative change in the nature of the relationship: Um r ises  sharply with increasing Reynolds number.  
This cr i t ical  t ransit ion is cha rac te r i s t i c  for flow in a pipe, for  exampIe. 

On the third segment,  which also pertains to the transit ion region (but which is eonsiderably longer 
in terms of Re) we find an increase  in ~m with increasing Re. In other words,  in this flow region, as with 
laminar  motion, the intensity of s t r eam attenuation with increasing Reynolds number  again drops.  From 
the physical viewpoint, there is, as it were,  a stabilization of the effective turbulent viscosi ty.  

Finally, the fourth segment  corresponds  to a region of developed turbulent flow tn the free jet. It is 
charac te r ized  by se l f - s imi la r i ty  for Re; the value of u m remains constant (for a given x/d).  

A s imi la r ,  although smoother ,  pattern is found for flow from a profiled nozzle.  

In all cases ,  we have an approach "from below" to se l f - s imi l a r  turbulent flow. This situation, an in- 
c rease  in attenuation with decreasing Re (on the third segment),  has also been noted elsewhere [15]. The 
various data are  compared  in Fig. 5c. 

It must  be emphasized that the transition pattern for the jet (Fig. 4a) has a feature that distinguishes 
it f rom other types of flow. When the laminar  motion loses stabili ty,  the intensity of exchange tn the t r ans i -  
tion region increases  so much that it exceeds the value corresponding to developed turbulent motion. This 
is also ref lected in the integral charac te r i s t i c s  of transit ion.  
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F i g .  5. V a r i a t i o n  in t u r b u l e n c e  in t ens i ty  in a j e t  f o r  v a r i o u s  
S t rouha l  n u m b e r s  (a, b) ,  and c o m p a r i s o n  of e x p e r i m e n t a l  da t a  
f o r  d e p e n d e n c e  of v e l o c i t y  at  j e t  ax i s  (x /d  = 6) on Reyno lds  
n u m b e r  (c): a) f o r  Re 0 = 3000: 1) Sh = 0; 2) 0.11; 3) 0.029; 
4) 0.043; b) fo r  Re 0 = 6250: 1) Sh = 0. 2) 0.0076; 3) 0.0138; 
4) 0.020; 5) 0.0275; c) fo r  Sh = 0: 1) n o z z l e ,  3 . S m m  d i a m e t e r ;  
2) d a t a o f  [15]; 3) tube ,  3 . 8 m m  d i a m e t e r ;  4) d a t a  of K e l m a n s o n  
(nozzle) ;  f o r  Sh = 0.012: 5) n o z z l e ,  3.8 m m  d i a m e t e r ;  fo r  Sh 
= 0.1: 6) d a t a  of K e l m a n s o n  (nozz le) .  

F i g u r e  4b g ives  the a s s o c i a t e d  m a s s  AG = G - G  O (as a f r a c t i o n  of the in i t i a l  flow r a t e  Go) as  a funct ion 
ro oo 

of g and Re (G O = 2~ j Pu0YdY and G = 27r ,f puydy  a r e  the i n t e g r a l  flow r a t e s  in the i n i t i a l  c r o s s  s e c t i o n  and 
0 0 

a r b i t r a r y  s e c t i o n ) .  The  e f fec t  is  a l so  p r o n o u n c e d  h e r e .  

To p r o v i d e  a m o r e  c o m p l e t e  d e s c r i p t i o n  of the t r a n s i t i o n ,  we s h a l l  g ive  s o m e  r e s u l t s  of h o t - w i r e  
a n e m o m e t e r  m e a s u r e m e n t s  of the p u l s a t i o n s  in the long i tud ina l  v e l o c i t y  componen t  a long the depth ax i s .  
F i g u r e  3c shows  such da t a  fo r  flow f r o m  a tube with  v a r i o u s  va lue s  of Re .  T h e s e  da t a  a r e  in q u a l i t a t i v e  
a g r e e m e n t  with those  g iven  above .  The  l o w e r  Re,  the e a r l i e r  the i n t e nse  i n c r e a s e  in p u l s a t i o n  b e g i n s ,  and 
the g r e a t e r  the m a x i m u m  t u r b u l e n c e  i n t e n s i t y  (which e x c e e d s  the va lue  fo r  d e v e l o p e d  t u r b u l e n c e  at Re = 8 
�9 103). Da ta  that  a r e  s i m i l a r  in n a t u r e  but  d i s p l a y  s i g n i f i c a n t l y  m o r e  s p r e a d  a r e  shown in F ig .  3d fo r  f low 
f r o m  a n o z z l e .  As fo r  the m e a n  v e l o c i t y ,  the in f luence  of Re is l e s s  n o t i c e a b l e  h e r e .  

Since  the m i x i n g  zone is so s m a l l ,  it  was  not  p o s s i b l e  to m e a s u r e  u '  in the j e t  c r o s s  s e c t i o n s ,  which 
would  have  g iven  a m o r e  c o m p l e t e  p i c t u r e .  Even so ,  t h e r e  is  no doubt that  the r e s u l t s  of the m e a s u r e m e n t s  
of the a v e r a g e  and p u l s a t i o n  c h a r a c t e r i s t i c s  a r e  in a g r e e m e n t .  

To p r o v i d e  a quan t i t a t i ve  c h a r a c t e r i z a t i o n ,  it  is  d e s i r a b l e  to i n t r o d u c e  the c r i t i c a l  Reyno lds  n u m b e r ,  
as  fo r  o t h e r  t r a n s i t i o n  c a s e s .  P r o c e s s i n g  of the e x p e r i m e n t s  on flow f r o m  a tube shows that  it is  b e s t  to 
t ake  the n u m b e r  Re x fo r  th is  va lue ;  i t  is c a l c u l a t e d  f r o m  the loca l  v e l o c i t y  on the j e t  ax is  and the d i s t a n c e  
f r o m  the head  to the f low zone wi th in  which  a v i g o r o u s  change  in the c h a r a c t e r i s t i c s  o c c u r s .  D e s p i t e  the 
r a t h e r  a r b i t r a r y  n a t u r e  of such  a de f in i t i on ,  as we s e e  f r o m  F i g .  4c the va lue s  of R e x c  r found f r o m  the 
v a r i o u s  c h a r a c t e r i s t i c s ,  f a l l  wi th in  a f a i r l y  n a r r o w  r a n g e  of v a l u e s ,  R e x c  r = (20-25) -103. Thus fo r  a tube ,  
R e x c  r ~ cons t  fo r  a f a i r l y  wide  r a n g e  of v a r i a t i o n  in Re0, c o m p u t e d  f r o m  the exi t  p a r a m e t e r s .  

The R e x c  r ~ cons t  r e l a t i o n s h i p  is  e a s i l y  c o n v e r t e d  to an e x p r e s s i o n  fo r  the length  of the l a m i n a r - f l o w  
s e g m e n t  in the j e t  (be fo re  the t r a n s i t i o n ) ,  

As f o r  f low f r o m  a n o z z l e ,  it  is  d i f f i cu l t  

(20  - -  25 ) .  103, u ~  1 
Umo Re  0 

to ob ta in  an adequa t e  de f in i t ion  of R e x c  r ( see  F i g .  3b, d). 

Additional experiments were carried out with forced oscillations superposed on the jet by means of a 
mechanical turbulence generator; the results showed that for small Re = 3 �9 10 3, Sh has the same strong 
influence as for developed turbulent motion [22]. In other words, the addition of forced pulsations results 
in earlier loss of flow stability and severe attenuation. 
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Measurements  of velocity pulsations on the jet axis (Fig. 5) show that as Sh increases, the maximum 
value of u' r i ses ,  while the location of the pulsation peak shifts toward the nozzle. This effect is more  
pronounced at lower Re values. 

F rom the qualitative viewpoint, the mechanical  turbulence genera tor  (as in the case of acoustical o s -  
cillations [211) results  in ea r l i e r  onsets of the transit ion.  

To conclude, let us look at some results  (Fig. 5c) obtained by us and by other authors for the re la t ion-  
ship between the velocity on the jet axis and the Reynolds number.  As we see,  in all cases of flow from a 
tube or  nozzle,  in addition to developed turbulent flow at Sh = 0.1, there is an increase  in the velocity on the 
axes in a given c ross  section when Re increases .  This region corresponds  to the third segment of the curve 
of Fig. 4a. The sections of cr i t ical  drop in the value of Um/Um0 are also shown in the region of initial Re 
values for  flow from a tube. 

Thus the initial conditions (nozzle shape, velocity profile,  pulsation intensity, etc.) have a substantial 
influence on the flow in a jet within the region next to the nozzle (x/d -< 10-12, roughly). This must  be taken 
into account when we analyze data pertaining to this flow region for Re -< (20-30) �9 10 ~. 
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