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The effect of channel obstruction on the length of the circulat ion zone behind bodies of the 
project ion-type in a res t r ic ted  turbulent s t r eam has been studied experimental ly and the 
resul ts  are analyzed here.  

One problem in the design of combustion chambers  for gas turbines is to ensure a stable combustion 
of fuel during all modes of plant operation. 

The most  widespread method of stabilizing a flame is based on the laws of fluid flow in the immediate 
trai l  behind an unstreamlined body. It must  be emphasized that the use of unstreamlined bodies for flame 
stabilization, which until now has been limited to blended fuel mixtures only, is since recent ly  found more  
often in the design of s ta t ionary gas turbines with a diffusive combustion process  in so-cal led jet s tabi l izers  
[1], 

Many studies have been made concerning the kinematics of flow and the s t ructure  of the separat ion 
zone in a turbulent fluid behind unstreamlined bodies of various shapes [2-6]. 

The test  data pertaining to the geometry  of the backcur ren t  zone were analyzed and evaluated there 
in t e rms  of dimensionless pa ramete r s  charac ter iz ing  the flow around unstreamlined bodies in an unre-  
s t r ic ted s t r eam [2, 7-9]. When a fluid flows behind an unstreamlined body, the s t ruc ture  of the separat ion 
zone is a resul t  of interference between two modes of jet flow: a semi res t r i c t ed  jet developing along the 
inside channel wall and an immediate  trail  behind the unstreamlined body in an unres t r ic ted s t ream.  De- 
pending on the relative surface a r e a  of the unstreamlined body (the degree of obstruction of the channel 
c ross  section), the laws governing one or the other type of flow will predominate here.  

It is well known that the decisive factor  in determining the stabilizing capability of unstreamlined 
bodies is the length of the rec i rcula t ion zone which builds up behind the body and which, in turn, depends 
mainly on the shape of the body as well as on its relative c ro s s - s ec t i on  area. 

We will consider  here  the effect of obstruct ion on the length of the separat ion zone developing in a 
turbulent s t r eam in a channel behind a projection [5, 6, 10-14]. 

Such a flow with charac te r i s t i c  discontinuities at the edges, parallel  to the s t r eam axis, constitutes 
the basic principle of jet stabilized burners  for high-power gas turbine plants. 

In a s t r eam around a projection in a channel the b 0 = D - d  wide zone may be treated as a nozzle d i s -  
charging a semires t r ic ted  jet. At the inside channel surface t he re  forms a boundary layer  of thickness 6, 
and behind the projection there appears a circulat ion zone of length l c with backcurrents  and a p ressu re  dip. 
As a resul t  of turbulent mixing between the jet and the s t r eam of the separat ion zone, there forms an ex-  
ternal boundary layer.  This boundary layer  of thickness b and the internal boundary layer  of thickness 5 
become wider  in the mains t ream direct ion and they narrow down the jet core,  which then vanishes com-  
pletely at the end of the initial stage of x = x i. This situation is depicted schematical ly in Fig. 1, without 
both the t ransi t ion stage of the jet and the boundary layer  developing at the surface of the unstreamlined 
body. A kinematically analogous pattern prevails  around flat and axiosymmetr ic  half-solids [2, 3, 15, 6], 
s ta i r s  [6], closed cavities [17], and twin projections [12, 18]. 
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1. Schematic  d iagram of flow around a projection in a 
res t r ic ted  s t ream.  

At low values of the channel obstruct ion factor  r when the separat ion zone over its entire length 
in te r fe res  with the potential-flow core of the jet (/c < xi), the s t r eam past a projection in the channel fol-  
lows the pat tern cha rac te r i s t i c  of a f ree  turbulent trail.  In this case the length of the rec i rcula t ion zone 

-/co, measured in charac te r i s t i c  d iameters  d (which is valid for the case of a body in an unres t r ic ted 
s t ream),  remains  approximately constant and independent of the channel obstruction factor  r As can be 
seen in Fig. 2a, the test  points obtained by various authors with r _< 0.3 [3, 5, 0, 10, 13] c luster  closely 
{with a maximum sca t te r  of 15%) around the value/c0 = 5.65 and agree with the test points obtained for  
projections in an unres t r ic ted  s t r eam [9, I1, 19]. 

As the channel obstruction factor  increases ,  the relative length of the circulat ion zone increases  too, 
while the initial stage becomes shor ter .  At the same time, more  significant become those phenomena 
which are associated with semi res t r i c t ed  jet s t r eams  [2, 15] where the nozzle width b 0 is the original di-  
mension which governs the geomet ry  of the aerodynamic flow s t ructure .  As has been shown in [12, 16], the 
length of the separat ion zone lc in a s t r eam past a projection in a channel is most  conveniently measured 
in t e rms  of the dimension b 0. The resul ts  of data evaluation on this basis are shown in Fig. 2b. The test  
points obtained by various authors for  unstreamlined bodies of the projection type in a semi res t r i c t ed  
s t r eam are  well descr ibed by a siJ~gle curve with a sca t te r  not exceeding 13% at ~ __< 0.3. 

It is to be noted that these tests were performed with unstreamlined bodies in a i r  and water  [12] 
s t r eams  under conditions of plane and ax iosymmetr ic  flow [12, 15, 16] within a ra ther  wide range of the 
Reynolds number Re = 10,000-500,000. According to the graphs,  only the data of Abramovich [2] disagree 
with the general  trend. This is explained by the effect of la teral  channel edges on the s t ruc ture  of the r e -  
circulat ion zone behind the body in these tests,  which is charac te r i s t i c  of relat ively nar row channels. Ac-  
cording to [2], in addition to the usual r ec i r cu ia to ry  flow with backcurrents  in planes perpendicular  to the 
channel base, vor t ices  develop near the la teral  wails behind an unstreamlined body in planes parallel  to 
the channel base. These vor t ices  cause a fur ther  p ressu re  dip in the rec i rcula t ion zone and, consequently, 
reduce its length. Such "radical"  vort ices  are  noted behind turbine blades and also near  face plates behind 
flame s tabi l izers .  

The relat ion between l c and ~ can be general ized by a ra ther  simple and convenient engineering design 
formula  

l c - exp (k~) --  1, k : 4.05. (1) 

The channel obstruct ion factor  ~b can va ry  f rom 0 to 1. In the f i rs t  extreme case r = 0 when d --* 0 
and we have a flow in a channel without an unstreamlined body present.  Naturally, in this case there exists 
no rec i rcula t ion  zone. The same conclusion follows f rom Eq. (1): lc : 0 when r = 0. When ~ : 1, with the 
charac te r i s t i c  chamlel dimension D and the charac te r i s t i c  body dimension d both tending toward infinity so 
as to make their  difference D - d  = b 0 ~ 0, we have a semi res t r i c t ed  submerged jet along a flat surface.  In 
this case there is also no rec i rcuia t ion  zone in the space around the jet. F r o m  Eq. (1) for ~b = 1 and b 0 = 0, 
we have here analogously-/c = 0. Thus, formula  (1), which general izes  the test data of 12 different studies 
concerning the flow around unstreamlined bodies of the projection type in a res t r i c ted  s t ream,  satisfies 
both ext reme conditions. Therefore ,  it faithfully ref lects  the physical aspect of phenomena associated with 
such modes of flow. 

For  a channel obstruct ion fac tor  within the range 0 < ~ < 0.3, the test values for the length of the 
separat ion zone behind a projection are much higher than those calculated by formula  (1). Evidently, 
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Fig. 2. Length of the separa t ion  zone: a) at low va l -  
ues of the channel obst ruct ion fac tor  (r _< 0.3), based 
on tes t  data for  project ions according to [5] (1); [6] 
(2); [9] (3); [10] (4); [11] (5); [12] (6); [13] (7), for  
s t a i r s  according to [6] (8); for  a half-sol id  a c c o r d -  
ing to [3] (9); for  a closed cavity according to [7] (10); 
[19] (11); for  a twin project ion according to [12] (12). 
b) Fo r  flow in the channel around an uns t reaml ined  
body of the project ion type, based on tes t  data  for  a 
project ion according to [14] (13); for  a twin project ion 
according to [18] (14); for  a half -sol id  in a f lat  chan-  
nel [2, 15] (15); for  a half -sol id  in an ax io symmet r i c  
channel [2, 15] (16); [16] (17); for  a twin project ion 
with- /c  = 0.5 (-/cl +lc2) [12] (18); fo rmulas  for  lc,  lcl,  
/ca according to Eq. (1) with k = 4.05, 4.83, 2.83, 
r e spec t ive ly  (19, 20, 21); other  symbols  the same  as 
in Fig. 2a. 

beginning at @ ~_ 0.3, a s t r e a m  around an uns t reaml ined  body of the project ion type in a channel approaches  
an unres t r i c t ed  s t r eam.  This is conf i rmed not only by the data shown in Fig. 2a but also by the resu l t s  of 
a specia l  study in [12] concerning the k inemat ics  of flow in a f lat  channel past  single and twin project ions.  
With r < 0.3, the rec i rcu la t ion  zone becomes  equally long behind single and twin project ions (points 6 and 
12, Fig. 2b), i .e. ,  the flow pat terns  past  Projections f r o m  opposite channel walls a re  mutual ly  independent. 
As the degree  of obst ruct ion i nc r ea se s ,  the separa t ion  zones behind a twin project ion begin to in te r fe re  
and their  lengths become different  (lines 20 and 21, Fig. 2b). This is due to  a high degree  of turbulence in 
a jet with backcur ren t s .  According to [2, 15, 16], with a channel obst ruct ion fac tor  r = 0.36-0.46, the length 
of the initial  jet stage is x i = 2-3 and the t rans i t ion  stage of the jet vanishes completely .  Fo r  this reason,  
a l ready  at such re la t ive ly  sl ight channel obstruct ions the flow mode differs  f r o m  that of an unres t r i c ted  
s t r eam.  

It is in teres t ing to note that the lengths-/ci and-/c2 of the separa t ion  zones behind a twin project ion 
do also obey Eq. (1) with the coefficient  k = 4.83 and 2.83, r e s p e c t i v e l y :  The_average length of the r c c i r -  
culation zone in an unres t r i c t ed  s t r e a m  past  a twin project ion l c = 0.5 (lcl +/c2) comes close to the test  
values  obtained for  single project ions  (points 18, Fig. 2b). 
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It is well known that the stabilizing capabili ty of a s t r eam with backcurrents  of fluid is proport ional  
to the volume of the separa t ionzone .  In the design of jet  s tabi l izers  it is important,  therefore ,  to establish 
the optimum channel obstruct ion fac tor  r which will ensure  the longest separat ion zone for  an uns t ream-  
lined body of given dimensions.  

Considering that b 0 = d [ ( 1 / 6 ) - 1 ] ,  we t r ans fo rm Eq. (1) to 

l c=d(~- -  l ) [exp(k$)-- I ]. (2) 

A conventional analysis of Eq. (2) for  ex t r ema  will yield r = 0.64. This value has been verif ied 
by a combined exper imenta l  and theoret ical  study in [6]. 

D, F 
d, f 
b 0 = D - d ;  
x~ 

x i  : x i / b 0 ;  
5 
b 

lc (lc = /c /b0) ,  
/c0 (/'co = lc0/b0) 

/cl  (l-c1 = /c l /b0) ,  
lc2 (Tc2 =/c2/b0) 

L I  

u~, u 0 

Re = u o ~ d / v  

k 
~b = f / F  

r 

N O T A T I O N  

are  the cha rac te r i s t i c  d imension and area  of a channel c ross  section; 
are  the cha rac te r i s t i c  dimension and c ro s s - s ec t i o n  a rea  of an unstreamlined body; 

is the cha rac te r i s t i c  dimension and length of the initial stage of a s emi res t r i c t ed  tu r -  
bulent jet; 

is the thickness of wall (internal) boundary layer ;  
is the thickness of jet (external) boundary layer ;  

a re  the length of separa t ion  zone behind an unstreamlined body of the project ion type 
in a r e s t r i c t ed  s t r eam and in an unres t r ic ted  s t ream,  respect ively;  

are  the length of longer and of sho r t e r  separa t ion  zone behind twin project ions in a 
channel; 
is the kinematic viscosi ty;  
are  the mean veloci t ies  in a channel in f ront  of an unstreamlined body and at a pro-  
jection section,  respect ive ly ;  
is the s imi la r i ty  (Reynolds) number;  
is a coefficient; 
is the channel obstruct ion factor ;  
is the optimum channel obstruct ion factor .  
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