
possible to close system (3-7) and to perform thermohydraulic calculations for heat exchan- 
gers for the above-examined type of transience. 

NOTATION 

N, Power of thermal load; ~, time; G I, initial flow rate of heat carrier; G2, maximum 
flow rate of heat carrier after introduction of a perturbation into the feed system; m, 
porosity of the bundle with respect to the heat carrier; K, dimensionless effective diffusion 
coefficient; Dt, effective diffusion coefficient; u, v, longitudinal and radial velocities; 
de, equivalent diameter of the bundle; Frm, criterion characterizing the intensity of swirl- 
ing of the flow in the bundle of coiled tubes; S, pitch of the tube coiling; d, maximum di- 
mension of tube profile; Fob, Fourier criterion; dbu, rbu, diameter and radius of the tube 
bundle; %, thermal conductivity; Cp, heat capacity; p, density; $, hydraulic resistance co- 
efficient; 7, kinematic viscosity; ~, relative diffusion coefficient; T, temperature; x, r, 
longitudinal and radial coordinates. Indices: b, mean-mass; w, wall; n, nonsteady; qs, quasi- 
steady; m, maximum; e, effective; s, solid phase. 
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STUDY OF HYDRODYNAMICS AND MASS TRANSFER IN THE FLOW OF OPPOSITELY 

SWIRLED JETS ABOUT A STABILIZER IN AN ANNULAR CHANNEL 

K. Yu. Sokolov, A. G. Tumanovskii, 
A. I. Maiorova, A. V. Sudarev, 
and E. D. Vinogradov 

UDC 532.517.4 

Experimental and theoretical methods are used to study the distribution of the 
velocity components, turbulence intensity, and the concentration of a passive 
impurity. An analysis is made of the effect of the main geometric parameters 
on the intensity of transport processes. 

At present in the annular combustion chambers of gas-turbine units, combustion takes 
place in a system of oppositely swirled jets of gaseous and liquid fuel [i]. 

The results of experimental [i, 2] and theoretical [2] studies of the separation zone 
after the stabilizer and the available data on the displacement of oppositely swirled jets 
in an annular channel [3, 4] prove to be inadequate to analyze prJcesses taking place in the 
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Fig. i. Change in the axial (a) and tangential 
(b) components of velocity and turbulence inten- 
sity (c) along the channel for the opposite-swir- 
ling variant •176 I) calculation; 2, 3) experi- 
ment: 2) head meter; 3) hot-wire anemometer. 

frontal zone. Additional theoretical and experimental studies of turbulent flow and mass 
transfer are needed. The results of such studies are reported below. 

i. Measurements were made on a large-scale model of a combustion chamber. The model 
was in the form of an annular channel formed by two coaxial cylinders with diameters of 780 
and 1220 mm. 

Vane swirlers were installed in the channel inlet. The swirlers were twisted in oppo- 
site directions and were separated by an annular stabilizer with a blunt end surface which 
was perforated to admit natural gas (Fig. i). 

We studied different angles of opposi{e swirling of the jets: •176 •176 0 ~ The deg- 
ree of obstruction of the channel K F = B/H (B is the height of the stabilizer; H is the 
height of the channel) was 0.35. The axial (U z) and tangential (U 8) components of velocity 
were measured with a spherical five-channel head meter with a ball 5 mm in diameter. 

To determine turbulence intensity and to check and enhance the accuracy of measurements 
of the velocity components U z and U@, we used a hot-wire anemometer having a miniature sen- 
sitive element with a single tungsten wire 2 mm long and 3 ~m in diameter. The methodology 
was described in detail in [5]. The errors of measurement of the velocity components with 
the head meter were 5% outside the recirculation zone and as high as 40% inside the zone. 
The error of the anemometric measurements in turbulent swirled flows with a high turbulence 
intensity was examined in [4, 6], where it was estimated to be 15-20% for the mean velocity 
components and 25-35% for the fluctuation components. 

To determine the rate of mass transfer in the frontal zone, we fed a passive impurity, 
methane, through a perforation in the end surface of the stabilizer. The concentration field 
of the impurity was measured with a gas analyzer. 

2. The theoretical study was conducted by numerically solving the system of equations 
describing steady-state turbulent motion for an axisymmetric flow with allowance for rota- 

tion [7]: OU~ ~- 1 9 a  rU~ .... O; (1) 
Oz r ar 

az ~ - r  ru,u== p az § az (vt§ }-ffi- § --or r(~,t+v)\ ar + ~ ]  ; 
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Fig. 2. Dependence of the flow characteristics on the angle of opposite 
swirl and the degree of obstruction of the channel: a) length of separa- 
tion zone; I, 2) calculation (I-K F = 0.45; 2 - 0.35); 3, 5) experiment 
[2]; (K F = 0.29 and 0.42); 4) present experiment (K F = 0.35); b) total 
pressure loss coefficient: i) ~ = •176 2) i45~ 3) •176 4) i20 ~ . 

Fig. 3. Change of turbulence intensity maximum in the cross section al- 
ong the channel (K F = 0.35): i) 0 = i60~ 2) i45~ 3) 0 ~ 
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To determine vt, we use an improved two-parameter model of turbulence k -W [8] 
the kinetic turbulence energy and W is "pseudovorticity"); v t = k//W; 

c)Uzk l 0 (__~.. ) O k  l O v -~K ) O k  
Jr- - -  ~ U rr k = + v + - -  - -  r . at- ~ -J- S g ,  
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H e r e ,  S K and S W a r e  t h e  s o u r c e  t e r m s  o f  t h e  t r a n s p o r t  e q u a t i o n s :  

S K = ve~ K -  C~k VW' 

O W  
v - ~ r -  + S~v. (6 )  

( 7 )  
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The introduction of an additional term containing the Richardson number into the source 

term S W in a first approximation allows us to consider enisotropy of eddy viscosity associa- 
ted with the curvature of the streamlines on the spatial scale of turbulence C D = 0.09; CzW = 



3.5; CiW = 0.17; C3W = 1.04; C~W = 2.97: o K = o W = 0.9 are constants of the model [8]. The 
value of C R was taken equal to I, in accordance with [9]. 

In solving Eqs. (1)-(6), we excluded pressure from them by introducing new variables, 
the stream function ~ and vorticity function m, so that 

U~ 1 0~ U~ I a~ OU~ aU~ 
; = ; m - ( 1 0 )  

r Or r Oz Oz Or 

We then used a "hybrid" finite-difference method [i0]. 

We assigned values of the stream function as boundary conditions for the impermeable 
walls. For the remaining variables, the boundary conditions were assigned one grid spacing 
deeper into the flow, where we assumed that the universal logaritkmic "wall law" for total 
velocity was satisfied [7]: 

-- to n L A ;  k �9 W - -  (ii) 
U* ~ V = - ~ D  ' ~2h2CD 

Here  ~ = 0 . 4 1 ;  A = 5 . 3 6 ;  u* i s  dynamic  v e l o c i t y ;  h i s  t h e  d i s t a n c e  f rom t h e  w a l l .  

I n  t h e  i n l e t  s e c t i o n ,  l o c a t e d  s e v e r a l  g r i d  s p a c i n g s  i n  f r o n t  o f  t h e  end s u r f a c e ,  we a s -  
s i g n e d  t h e  p r o f i l e s  o f  ~,  w, U0, k ,  and W; a t  t h e  o u t l e t ,  we assumed  t h a t  t h e  l o n g i t u d i n a l  
d e r i v a t i v e s  o f  a l l  o f  t h e  d e p e n d e n t  v a r i a b l e s  were  e q u a l  t o  z e r o .  

The l o g a r i t ~ n i c  law was n o t  a d o p t e d  n e a r  p o i n t s  o f  i n f l e c t i o n  a f t e r  t h e  sudden  e x p a n s i o n .  
I n s t e a d ,  we imposed  t h e  c o n d i t i o n  o f  c o n v e r g e n c e  o f  t h e  s t r e a m l i n e s  f rom t h e  i n f l e c t i o n  p o i n t  
in  t h e  h o r i z o n t a l  d i r e c t i o n .  We s o l v e d  t h e  c o r r e s p o n d i n g  d i f f e r e n t i a l  e q u a t i o n s  (4 )  and (5 )  
f o r  t h e  t a n g e n t i a l  componen t  o f  v e l o c i t y  and t u r b u l e n c e  e n e r g y  n e a r  t h e  p o i n t .  Meanwhi l e ,  
t h e  f l o w  t h r o u g h  t h e  l e f t  b o u n d a r y  o f  t h e  c o n t r o l  c e l l  was c a l c u l a t e d  w i t h  a l l o w a n c e  f o r  t h e  
l o g a r i t . h m i c  l a y e r ,  w h i l e  we f o l l o w e d  [11] in  f i n d i n g  W by u s i n g  t h e  c o n d i t i o n  o f  p r o p o r t i o -  
n a l i t y  o f  t h e  t u r b u l e n c e  s c a l e  in  t h e  m i x i n g  l a y e r  beyond  t h e  o f f s e t  t o  t h e  w i d t h  o f  t h e  
l a y e r  [ 1 2 ] ,  c a l c u l a t e d  w i t h  a l l o w a n c e  f o r  t h e  s w i r l i n g .  

The d i s t r i b u t i o n  o f  t h e  c o n c e n t r a t i o n  o f  t h e  p a s s i v e  i m p u r i t y  was d e t e r m i n e d  by s o l v i n g  
t h e  t r a n s p o r t  e q u a t i o n  

OU~C + 1 OrU,.C 0 7~ + v + v r 0 (12)  
Oz r Or Oz ~c dz r Or ~c Or 

for a precalculated flow field. Here, the turbulent Schmidt number o C = 0.9. The concen- 
tration was assigned equal to unity alongthe front surface on the nearest layer of the dif- 
ference grid. On all of the other solid boundaries, we assigned conditions of the form 8C/ 
~n = 0, where n is the normal to the surface; at the outlet, we assigned the condition 8C/ 
3z = 0. 

The length of the calculated region was 3H. Calculations performed with refinement of 
the grid showed that a 31 • 36 grid is optimum, the calculations were performed on a BESM-6 
computer. 

3. Figure 1 shows calculated and experimental data on the profiles of axial and tangen- 
tial velocity and turbulence intensity for the swirl variant • 60 ~ . For all of the investi- 
gated variants, the velocity component profiles obtained in the calculations agree satisfac- 
torily with the data from thermoanemometric and pneumometrie measurements. As regards tur- 
bulence intensity, the scatter of the theoretical and experimental results is no more than 
30%. This figure corresponds to the above-indicated accuracy of the measurements of the fluc- 
tuation component of velocity. 

Figure 2 shows the dependence of the relative length of the separation zone L/B on the 
angle of installation of the swirlers for two degrees of obstruction 0.35 and 0.45. Here, 
experimental data from [2] is also shown for comparison. 

It can be seen from the figure that an increase in the angles of opposite swirl is accom- 
panied by a monotonic decrease in the relative length of the separation zone. As in the 
case of the flow of an unswirled jet past an offset in a channel [13], an increase in the deg- 
ree of obstruction of the channel up to 0.55-0.6 leads to an increase in L/B for all variants 
of swirl angles. The value of L/B is maximal at a degree of blockage equal to 0.55-0.6. 

The calculations showed that within the range 0.8 < R/H < i0 (R is the radius of the inter- 
nal cylinder), the radius of curvature of the annular ~hanne~ does not have a significant 
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Fig. 4. Effect of the angle of twist and 
the degree of obstruction on the rate of 
mixing of a passive impurity: a) change 
in the relative nonuniformity of the con- 
centration profile along the channel (KF= 
0.35); 1-2) calculation; 3-4) experiment; 
i, 3) ~ = •176 2, 4) ~ = 0~ b) depen- 
dence of the characteristic distance s 
on the angle of swirl: i) K F = 0.27; 2) 
0.35; 3) 0~ 

effect on the flow field in the recirculation region, given identical conditions at the 
inlet. 

Figure 2b shows the dependence of the total pressure loss coefficient in the combustion 
chamber on the angle of installation of the swirl vanes and degree of blockage. This data 
was obtained experimentally. It shows that there is an increase in the total pressure loss 
coefficient with an increase in r and K F. This increase can be approximated by the expres- 

sion 2AP* 
~= pU~(1--KF) :exp(  2,3K~-1-4,37KF+4,92sin~--2,88 ). (13) 

4. It is of practical interest to study the effect of the main geometric parameters on 
the intensity of transport processes in the frontal zone. 

As was done for submerged jets in [12] and oppositely swirled annular jets separated by 
a thin partition at the inlet in [3], for the flow being examined here we can establish a 
relationship between the intensity of transport processes for different swirl angles and the 
level of turbulence in the flow (or the maximum turbulence intensity, which reflects this 
level). 

Figure 3 shows the calculated change in maximum turbulence intensity over the cross sec- 
tion along the channel fir different swirl angles. It can be seen that an increase in the 
degree of opposite swirling is accompanied by a rapid increase in turbulent pulsations. 

In the absence of swirling, turbulence intensity increases only in the immediate vicinity 
of the end surface, due to the generation of turbulence energy in mixing layers formed near 
the edges of the stabilizer. Here, the distribution of turbulence intensity over the height 
of the channel has two distinct local maxima corresponding to these layers. 

With large angles of opposite swirl (• 60 ~ , • 45~ at the end of the recirculation zone 
there is an intensive increase in turbulence energy on the axis of the annular channel. This 
increase is due to displacement of the tangential velocity component. In this case, the pro- 
file of turbulence intensity has a single local maximum located at the center of the section. 

Another characteristic of the intensity of transport processes is a criterion based on 
the degree of levelling, along the channel, of the concentration profile of a passive impur- 
ity introduced into the flow through the end surface of the stabihzer. Figure 4 shows the 
change in the relative nonuniformity of the concentration profile s 0 along the channel 
for different angles of swirl. The data shows that an increase in the angles of opposite 
swirl of the flows is accompanied by a reduction in the length of the section over which 

i0 



mixing of the flows is achieved. Here, AC = Cma x - Cmi n is the nonuniformity of the concen- 
tration profile in the given section and AC 0 is the same quantity at the inlet (in the cal- 
culation, on the layer of the difference grid closest to the end surface; in the experiment, 
in the first section z/H = 0.2). 

The calculations show that an increase in the degree of obstruction of the channel also 
intensifies mixing along the channel. Thus, the distance over which the nonuniformity of 
the concentration profile decreases by a certain factor - such as 0.i (s - can be used 
as an index of the rate of mass transfer after the stabilizer. 

The dependence of the characteristic distance s on the angle of swirl and the degree 
of obstruction (Fig 4b) within the range K F = 0.25-0.65; r = 0-70 ~ can be approximated by 

the expression: 1,02KF~-0,06 

lo.~ = KF -- 0,718Kp q- 0,477K~ (14) 
cosy 

Thus, the  above approximate  r e l a t i o n s  make i t  p o s s i b l e  to  op t imize  the  f r o n t a l  c o n f i g u -  
r a t i o n ,  i.e., to find the optimum values of K F and ~ at which, for the specified pressure 
loss, the rate of mass transfer will be maximal, i.e., the length s will be minimal. 

NOTATION 

z, r, axial and radial coordinates; Uz, U@, U r, axial, tangential, and radial components 
of velocity, respectively; H, height of the annular channel; B, height of stabilizer; KF, 
degree of obstruction; ~, angle of opposite swirling of the jets; k, turbulence energy; W, 
pseudovorticity; /~/Uo, turbulence intensity; L, length of the separation zone; $, total 
pressure loss coefficient; s characteristic distance over which the nonuniformity of the 
concentration profile of the passive impurity decreases to 0.i. 
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