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SUMMARY 

Numerical computations are made for swirling, recircu- 
lat ing,  nonreacting flows using the AiResearch two-dimensional 
(2-D) e l l i p t i c  program. The predicted resul ts  are compared w i t h  

experimental data taken by Vu  and Gouldin (ref .  26). The 
geometry of the experimental apparatus consists of a central  
1.465-inch (3.72-cm) diameter swirling j e t  mixing in to  a coaxial 
co- or counterswirling f l o w  w i t h  5.75-inch (14.6-cm) outer 
diameter. 

The computational program consists of three tasks. I n  
Task I ,  only the geometry of the t e s t  apparatus and the mass f l o w  

rates and vane angles were specified. The predictions i n  t h i s  

task were obtained u s i n g  estimated in l e t  prof i les  determined from 
vane angle and mass C l o w  rates.  These predictions d i d  not show 

any f low  reversal for both co- and counterswirling cases. The 
experimental data showed a f l o w  reversal for the counterflow 
case. I n  Task I Y ,  the measured velocity prof i les  a t  the center 
stream ex i t  plane were used as boundary conditions. Predictions 
were obtained using the original K-c turbulence model and a 
mdif ied K-E model. The original K-E model resul ts  d i d  not show 

any flow reversal for co-swirl as well as counterswirl cases, 
while the modified K-c model predicted an elongated rec~.rculation 
bubble. 

I n  Task 111, the 2-D e l l i p t i c  program was further modified 
t o  simulate the center j e t  and the coaxial outer swirling streams 
more accurately, and predictions were obtained for co- and 
counterswirling cases. The Task I11 velocity prof i le  predictions 
agreed w i t h  the data w i t h i n  about 10 percent of the average f l o w  

velocity i n  the counterswirl case. The predictions for the co- 
swirl case showed a recirculation region, while the t e s t  data d i d  

not show any f l o w  reversal. 

1 
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INTRODUCTION 

Background 

a s -  

Swirler s tabil ized combustion systems have become c : . .mn 
feature i n  turbo-propulsion systems. Design proceduree f m  SL '- 
combustors have, i n  the past, depended upon empirical data 
(refs .  1-5) and experimental correlations based on past develop- 
ment experience. These approaches have been quite useful for 
preliminary design predictions entailing i t e ra t ive  ser ies  of 
development tes t s .  Due to  t h e  increasing demands for improve- 
ments i n  the combustor performance, there h a s  been e recognized 
need for a better understanding of complex combustor flows. 
Although several models have been developed for analyzing 
swirling f l o w s  ( refs .  6 -11) ,  physical and mathematical modeling 
d i f f i cu l t i e s  s t i l l  exist .  

The axia l  velocity, u ,  for swirling flows i n  long ducts 
assumes a f u l l y  developed distr ibution a t  large downstream d i s -  

tances, and the swirl velocity asymptotically decays to  zero. I f  

the swirl number is suff ic ient ly  large, stagnation regions and 
f low reversal may exis t  i n  the entrance region. T h i s  phenomenon, 
known as vortex breakdown, helps t o  s tab i l ize  flames i n  combus- 
tion chambers. A review a r t i c l e  on vortex bursting has been 
written by Hall ( re f .  1 2 )  and l a t e r  by LeiboviA (ref .  13). 

The effect  of streamline curvature on turbulent flow was 
studied by Wattendorf ( r e f .  1 4 )  by using a curved channel of 
constant cross section. He observed that for f u l l y  developed 
curved internal flows, the turbulent viscosity was l e s s  than that 
for a s t ra ight  flow near the inner wall and greater near the 
outer wall. T h i s  observation was i n  accordance w i t h  the s tab i l -  
i t y  c r i t e r i a  suggested by Rayleigh ( ref .  1 5 ) .  The dependence of 
turbulence structure on the shape of angular momentum pro t i le  was 



demonstrated by Eskinazi and Yeh (ref .  16) and Jater  by Margalis 
and Lumley ( ref .  17). These analyses were conc rned w i t h  flows 
i n  curved channels. Bradshaw (ref .  18) la te r  generalized the 
streamline curvature e f fec t s  t o  include the influence of swirl on 
turbulence. He used the Richardson numbers to  account for the 
effects  of streamline curvature on turbulerce. 

Despite these theoretical  studies, there are very few suc- 
cessf u l  turbulence models that are suff ic ient ly  aeneral and 
account for the effects  of streamline curvature. Most of the 
existing turbulence models (ref .  13) generally 
turbulent exchange coefficients are isotropic. 
mental works have disputed t h i s  assumption for 
Although more complex Reynolds s t r e s s  models are 
(refs .  20.21) to  overcome these d i f f i cu l t i e s ,  

assume that  the 
Recent exper i- 

swirling flows. 
being developed 
none of these 

models has shown significant  improvement over the K-c two- 
equation model. The K-r model is perhaps the most proven among 
the existing turbulence models. 

The mathematical approaches employed to  analyze swir 1' 
flows have evolved from 2-D parabolic to  3-D e l l i p t i c  procedu! 
Owen (ref .  2 2 )  applied t h e  original Patankar and Spalc , 
( ref .  23) f inite-difference method t o  predict the turbul-ent 
swirling boundary layer on a plane rotor disc system. For 
swirling and recirculating flows, 2-D e l l i p t i c  codes have been 
developed. Mongia and Reynolds ( ref .  2 4 )  have used a variant of 
the numerical scheme described by Patankar ( ref .  25) t o  analyze 
practical  gas turbine combustors. However, these models yive, a t  
best, quali tat ive predictions. 

Although swirler-stabilized combustion systems are widely 
prevalent, most of the current design methoda are based upon 
empirical correlations. A major reason for t h i s  is due t o  # 

insufficient  understanding of swirler-stabilized combustion 



systems in view of measurement complexities and a lack of analyt- 
ical validation. The program presented herein is an attempt 

towards valLdating and refining an existing analytical model. 

Objectives 

, 
The objective of this program was to obtain predictions of 

swirling, recirculating, nonreacting turbulent flows from 

existing AiResearch compl: :er codes and compare :he results wl. th 

experimental measurements (ref. 26)  . Predict ions are presented 

for both co-swirling and counterswirling conditions. 

The approach used in this program can be categorized under 

three tasks. 

Task I - Computations with given geometry 

Task I1 - Computations with given measured inlet profiles 

Task I11 - Computations with a more accurate simulation of 
the geometry of the flow assembly 

Each of these tasks inwlved a series of computations and 

comparison of the predictions with the experimental data. 

In Task I, only the geometry of the mixing region was 

specified. The inlet profiles for this region were estimated 

from the mass flow rates and the swirler vane angles. The flow 

field in the mixing region was predicted using I-the estimated 

inlet profiles. In Task 11, the measured velocity profiles near 

the exit plane of the inner jet were specified in addition to the 

geometry ot  the mixing region. In Task I11 computations, the 2-D 



e l l i p t i c  program was modified to simulate the  geometry of  the  
whole f low assembly more accurate ly .  The i n l e t  p r o f i l e .  for  t h e  
inner jet and the outer stream i n  t h i s  task were est imated based - 

upon the  mass flow r a t e s  and the  vane ang les .  



DESCRIPTION OF EXPERIWNTAL TEST GMMETRY AND 
THE ANALYTICAL MODEL 

T h i s  s e c t i o n  d i s c u s s e s  t h e  o v e r a l l  p h y s i c a l  and  n u m e r i c a l  
a p p r o a c h  a d o p t e d  f o r  p r e d i c t i n g  s w i r l i n g  r e c i r c u l a t i n g  f low.  A 

b r i e f  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  t es t  geomet ry  and  compute r  
p rogram u s e d  i n  t h i s  p rogram is d e s c r i b e d  i n  t h e  f o l l w i n g  para- 
g r a p h s .  

D e s c r i p t i o n  o f  t h e  Flow Aseembly C o n f i g u r a t i o n  

A s k e t c h  of  t h e  f l o w  assembly  u s e d  by Vu and G o u l d i n  
( r e f .  26)  is showri i n  F i g u r e  1. The assembly  h a s  two main seg-  

ments:  (1) t h e  i n n e r  f l o w  p a s s a g e  and ( 2 )  t h e  o u t e r  f l o w  z h a n n e l .  The 
i n n e r  p a s s a g e  is a c i r c u l a r  t u b e  w i t h  1 .465- inch (3.72-cm) i n n e r  
d i a m e t e r  and 1 .5 - inch  (3.8-cm) o u t e r  d i a m e t e r .  A s k e t c h  o f  t h e  
i n n e r  f l o w  p a s s a g e  is shown i n  F i g u r e  2. The i n n e r  t u b e  h a s  a 

s w i r l  g e n e r a t o r  l o c a t e d  4 .7 - inches  (11.9-cm) u p s t r e a m  of  t h e  
d i s c h a r g e  e n d  of  t h e  t u b e  The swirl  g e n e r a t o r ,  as shown i n  
F i g u r e  3 ,  c o n s i s t s  o f  1 2  e q u a l l y  s p a c e d  v a n e s  w i t h  a 68.5-degree  
s w i r l  a n q l e  and  a vane  t h i c k n e s s  of 0.02 i n c h  (0.5 cm) . 

The o u t e r  c h a n n e l  ( F i g u r e  4 )  is a 30- inch diameter (76-cm) 
r a d i a l  i n f l o w  p a s s a g e  w i t h  a d j u s t a b l e  vane  s w i r l e r s .  The o u t e r  
p a s s a g e  h a s  24 s w i r l e r  v a n e s  located n e a r  t h e  e n t r a n c e  of  t h e  
c h a n n e l .  The v a n e s  i n  t h e  o u t e r  c h a n n e l  are a d j u s t a b l e  t o  pr* 
duc2 any d e s i r e d  s w i r l  d i r e c t i o n  and v e l o c i t y .  The o u t e r  f l o w  
h a s  a t u r n i n g  c h a n n e l  which t u r n s  t h e  f l o w  f rom t h e  r a d i a l  d i r e c -  
t i o n  a t  t h e  i n l e t  t o  t h e  a x i a l  d i r e c t i o n  a t  t h e  e x i t  of t h e  
a n n u l a r  p a s s a g e .  A t  t h e  e x i t  p l a n e ,  t h e  o u t e r  f l o w  e n t e r s  
t h r o u g h  c 5.75- inch (14.6-cm) d i a m e t e r  p i p e  where  t h e  mix ing  
be tween  t h e  two s w i r l i n g  s t r e a m s  takes p l a c e .  
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Description of the Computer Program 

The AiResearch 2-D elliptic (recirculation) flow program was 

used for predicting the internal swirling flow fields of the 

geometry as specified in the paragraph titled Description of the 

Flow Assembly Configuration. This program computes the following 

variables in the region of interest: 

. ? ,  

o Axial-, radial-, and swirl-velocity components 

o Pressure correction 

o Turbulence kinetic energy and its dissipation rate 

(alternately, the length scale of turbulence). 

A brief description of the transport equation, formulation 

of the relevent difference equations, boundary conditions, and 

the solution procedure are given in the following paragraphs. 

Governing Equations 

The time-averaged transport equations for mass conser- 

vation, axial velocity (u), radial velocity (v), tangential 

velocity (v*), turbulence kinetic energy (k) and its dissipation 

rate ( E )  can be cast in the following generalized variable form: 

Here P ,  T,,~ ,$ and S+ denote the fluid density, the local effec- 
tive exchange coefficient of variable 4, sources/sinks, and the 

terms that do not fall under convection and diffusion terms. 



The source terms for the dependent variables are: 

o u - velocity component 

o v - velocity component 
2 

sV = e p au) + L a ,J Pve ax eff 37 r ar pefe~t E) - 2bff --i r ar + - a  
r ( 3  1 

o v - velocity component 8 

o Kinetic energy of turbulence 

where : 

o Dissipation rate of k 



The effective viscosity is obtained from the relation: 

where p and pt are the molecular and turbulent viscosities, 

respectively. pt is related to k and via 

The exchange coefficients are defined as: 

Recommended values 25 for the -stants appearing in the 

above equations are: 

C~ = 0.09 

C1 = 1.44 

C2 = 1.92 

u e f f  ,k = 0.9 

ueff , c  
is calculated from 

2 
K - u - 

eff , r  
(C2-C1) CD 

where K is the von Karman constant taken to be equal to 0.41. 

Finite-Dif f erence Solution of the Equations 

The numerical solution of the above nonlinear, coupled, 

partial differential equations are obtained by using a finite- 
, difference method described in reference 25. The finite- 

difference equations are derived for a box-shaped flow domain. 



Over the region of interest, a number of grid planes, parallel to 

the two coordinates, are placed. For each grid node, the finite- 

difference equations are set up for each of the flow variables to 

be solve<. Since the governing equations for axial- and radial- 

velocities (eq. 1) contain pressure gradient terms, these two 

variables are solved along planes staggered with respect to the 

main grid planes described above. 

A typical grid node spacing for the swirling flow problem is 
shown in Figure 5. A total of 30 x 25 nonuniformly spaced nodes 

are shown here although the maximum number of nodes the program 

can handle is 50 x 25 with 148,000 octal words of computer memory 

required. 

Finite-difference equations for a node are obtained by inte- 

grating the differential equations over a control volume 
enclosing a grid node. For evaluating the convection and dif- 

fusion fluxes through a control volume face, a linear variation 

(in the direction normal to the face) of the flow properties is 

assumed. For other purposes, a stepwise variation with discon- 

tinuities at control-volume boundaries is assumed. Net rate of 

flow of 4 into the control volume around a node P (Figure 5) by 
convection and diffusion in the x-direction is 



F i g u r e  5 ,  Typical Grid Spacing of the Swirling Flow 
Problem and Control Value Around a Point P. 



Defining fl S4dV = SU + Sp+p, the one-dimensional transport 
equation for the variable Q becomes 

The linear-profile assumption becomes unacceptable when fx+ Lx+ 

is large compared with TX+ because the weighting factor 

(TX+ - fX+ LX+) then becomes negative, impiying an unrealistic 
physical process through which raising the value of mX+ cculd 
lower the value of 4 Therefore, it is assumed that if the con- 

P - 
vective flow rates (L) are large compared to the diffusion coef- 

ficients (T), the diffusion across the control-volume face is 

zero and the value of 4 convected is equal to the value at the 

node on the upwind side of the face. With this assumption, the 

coefficient TX+ - fX+ LX+ is replaced by Ti+ - fX+ LX+ where 

Here [al, a2, aj] stands for the largest of the three quantities 

al, a2, and aj. 

using a similar procedure for the fluxes in the radial 

direction, the final finite-difference equation is reduced to 

The solution of the above equation is obtained by line-by-line 

relaxation using an efficient tri-diagonal matrix algorithm. By 
this method, a traverse along one direction, for example, the 

X-direction, is made with old values for the y-direction nodes. 



Using this solution as the best estimate, +he y-direction is then 

traversed. The solution method adopted is based on the SIMPLE 

(Semi-Implicit Method for Pressure Linked Equations) algorithm of 
Patankar and Spalding as described in reference 25. 

Boundary Conditions 

The boundary conditions are enforced by appropriateiy modi- 

fying the finite-difference coefficients at t h c  first interior 

point adjacent to the boundary. For the inlet hxndaties, the 

velocity components, density, and the turbule . -  profiles are 

either experimentally known or estimated. At the i r : .  et boundary, 

if pressure is specified, the pressure correction is set to zero. 

When the normal velocities at the boundary point are specified, 

the coefficients in the pressure correction are modified in such 

a way that the mass fluxes through the control volume satisfy the 

overall continuity equation. 

For boundaries of the second kind, where gradients and not 

the values of the variables are specified, the program uses one 

of the following two approaches. In the first approach, the 

boundary value is guessed and continually updated so as to 

satisfy the given gradient condition. The second approach breaks 

the link through the boundary to all adjoining external control 

volumes by first arranging for the finite-difference coefficient 

connect.ng the boundary node to an internal node to be zero, and 

then inserting the correct flux at the boundary as a source of 

diffusion and/or convection for that internal node. 

At the symmetry plane, the convection and diffusion fluxes 

in the radial direction are zero. Therefore, the finite- 

difference coefficients containing these fluxes are set to zero 

at the axis of symmetry. For the exit plane, information about 

some of the variables is not available. However, since it is the 
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process occurring i n  the calculation domain that decides values I 

of the variables which the outgoing f lu !$  w i l l  carry, there is no 
need for information a t  such boundaries. These boundaries are 
simply treated by neglecting the diffusion a t  the exi t  boundary. 

The near-wall region is given a special. treatment i n  the 
program. Since the expression for retf is accurate for turbulent 
flows only, a means is provided for the inclusion of the correct 
shear s t resses  and other fluxes a t  the wall. Therefore, the 
nodes next t o  the wall are assigned the following values as per 
an empirical wall law: 

where 6 is the normal distance of the wall from the f i r s t  inter- 
ior adjacent node. The kinetic energy of turbulence has small 
diffusion near the wall; hence, rwall for k is s e t  equal t o  zero. 
Instead of computing rwall for , i t  is calculated for the near- 
wall node by assuming a linear variation of the length scale 
g i v i n g  the following expression: 



ANALYSIS AND DISCUSSION 

The geometry of the flow assembly was discussed previously 

in the paragraph titled Description of the Flow Assembly Config- 

uration and is shown schematically in Figure 1. The flow assem- 

bly consists of three segments; namely, (1) inner tube, (2) outer 

channel, and (3) mixing region. Due to the complex nature of the 

flow assembly, a modular analytical approach was taken for Task I 

computations. In this approacn, the two streams in the inner 

tube and the outer channel were separately anaiyzed up to the 

start of the mixing region so as to estimate the inlet profile 

for ihe mixing region. The mixing region was subsequently 

analyzed using the 2-D elliptic code with the estimated inlet 

station profiles. Such an approach did not allow upstream influ- 

ences exerted by the outer stream on the inner tube flow field. 

A brief discussion on the convergence criteria adapted in 

this study is presented in the following paragraphs by iliustrat- 

ing computed radial profiles of axial velocities at different 

streamwise stations for a straight-tube flow at several values of 

swirl numbers, SN, defined as 

Figures 6 and 7 represent axial velocity profiles for a 

45 degree tip vane swirler with a resultant swirl number of 0.31. 

The predictions shown are the results after 150 iterations with a 

cumulative mass error of 0.1 percent. The streamwise distances 

shown in these figures are measured from the lip of the inner 

tube. Increasing the tip vane angle to 63.4 degrees (SN = 0.62) 
introduces a velocity deficit near the centerline as shown in 

Figures 8 and 9. But the convergence rate was slightly poorer 



Figure 6. Axial Veloci ty  Prof i les  for Flow i n  a S t r a i g h t  Tube 
with 0 . 3 1  S w i r l  Number. 

Figure 7 .  A x i a l  Veloci ty  Profiles for Flow i n  a S t r a i g h t  Tube 
with 0 . 3 1  S w i r l  Number. 



F i g u r e  8 .  A x i a l  V e l o c i t y  P r o f i l e s  f o r  Flow i n  a  S t r a i g h t  Tube 
w i t h  a 0 . 6 2  S w i r l  Number. 

F i g u r e  9 .  A x i a l  V e l o c i t y  P r o f i l e s  f o r  Flow i n  a  S t r a i g h t  Tube 
w i t h  0 . 6 2  S w i r l  Number. 



than that for a swirl number of 0.31. The cumulative mass resi- 

dual after 150 iterations is 0.25 percent. A further increase in 

swirler tip vane angle to 83.4 degrees (SlJ = 3.11) seemcd to 

indicate the presence of a reverse flow region after 150 :.tera- 

+ ons, as seen in Figures 10 and 11. The mass residual after 1 0 

iterations for this case was 1.92 percent. Continuatior. of tke 

calculations up to 300 iterations resulted in a mass residual o' 

1.3 percent and the resulting solutions are shown in Figures 12 

and 13. These predictions were considerably different from the 

results sf ter 150 iterations. The results a£ ter 300 iteration:; 

indicated no recirculation in the main flow field with the excQp- 

tion of a small region near the exit. There was no discernible 

change in computed profiles as the computations continued for 

another 150 iterations. Therefore, in the study, the solution 

was considered converged if the cumulative mass residual was less 

than 1 percent and the variation in the field variables at the 

node of maximum local mass residual was within 0.1 percent. 

Task I - Results 

The flow conditions for the inner and the outer streams for 

both co-swirl and counterswirl case are shown in Table I. 

TABLE I. FLOW CONDITIONS FOR THE INNER AND THE OUTER STREAMS 

I ~ounterswirl 1 30.33 0.49 1 20.2 -0.507 

Co-Swirl Case 

Inner Flow 

Axial 
Velocity, Swirl 

M/S No. 

29.65 0.577 

Outer Flow - 
Axial 

Velocity, Swir 1 
X/ S No. 

20.3 0.536 



Figure 10. Axial Velocity Profiles for 3.11 Swirl Number Flow 
in a Straight Tube After 150 Iterations. 

Figure 11. Axial Velocity Profiles for 3.11 Swirl Numher Flow 
in a Straight Tube After 150 Iterations. 



Figure 12. Axiai Velocity Profiles for 3.11 Swirl Number Flow 
in a Straight Tube After 300 Iterations. 
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AXIAL VELOCITY. Y n t C  

Figure 13. Axial Velocity Profiles for 3.11 Swirl Number Flow 
in a Straight Tube After 300 Iterations. 



In order to estimate radial profiles of axial, radial, and 

tangential velocity components, turbulence kinetic energy, and 

length scale at the inlet to the mixing region (Figure l), separ- 

ate flow calculations were performed for the inner tube and the 

outer annulus of the flow assembly. The 2-D elliptic code was 

used to compute the inner tube flow field corresponding to an 

inner swirl number of 0.573 for co-swirl case and 0.491 for 

counterswirl case. 

The flow through the radial inflow swirler is very difficult 

to analyze in view of the large chanqe in curvature of the duct. 

Major modifications in the 2-D elliptic program would be neces- 

sary if elliptic effects were to be included in this analysis. 

This effort was considered beyond the scope of this program. The 

alternate procedure employed was to adopt a 2-D parabolic 

approach for the outer flow. However, because of the flow 

separation caused by the large curvature of the channel, the 2-D 

parabolic approach could not be used up to the mixing region 

inlet. An AiResearch Compressor Aerodynamic Performance Simula- 

tion (CAPS) program was, therefore, used to predict the flow 

field in the outer channel. This program solves the pote~tial 

flow equations with appropriate near-wall modifications to cor- 

rect for boundary layer effects. In order to define turbulence 

kinetic energy and dissipation for the outer stream at the mixing 

region inlet, a fully developed pipe flow approximation was 

invoked. 

Figures 14 and 15 represent the comparison between predicted 

and measured axial velocity profiles at different axial stations 

for co-swirling and counterswirling conditions, respectively. The 

corresponding results for the tangential velocity profiles are 

shown in Figures 16 and 17. 
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(b) 
Figure 1 4 .  A x i a l  V e l o c i t y  P r o f i l e s  f o r  Co-Swirl Case w i th  

P r e d i c t e d  I n l e t  P r o f i l e s :  O r i g i n a l  K-r Model. 



(J) 
Figure 14. Axial  Ve10c~;y P r o f i l e s  for Co-Swirl Case with 

Pred icted In l e t  P r o f i l e s  : Or i g  inal K-e W e 1  (Contd) 



Figure 14 .  A x i a l  V e l o c i t y  P r o f i l e s  f o r  Co-Swirl Case w i th  
Pred ic t ed  I n l e t  P r o f i l e s :  O r i g i n a l  K-r Model (Contd) . 

(a) 
Figure 15 .  Ax ia l  V e l o c i t y  P r o f i l e s  f o r  Counter-Swirl  Case w i th  

Pred ic t ed  I n l e t  P r o f i l e s :  O r i g i n a l  K-r Model. 



Figure 15.  A x i a l  V e l o c i t y  P r o f i l e s  f o r  Counterswirl  Case w i t h  
Pred ic ted  I n l e t  P r o f i l e s  : Orig ina l  K-C Model (Contd). 



(e 1 
Figure 15. Axia l  Ve loc i ty  P r o f i l e s  for  C o u n t e r ~ w i r l  Case with  

Predicted I n l e t  P r o f i l e s :  Orig inal  K-c Model (Contd). 
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Figure 15. Axial Velocity Profiles for Counterswirl Case with 

Predicted Inlet Profiles: Original K-e Model (Contd) . 



( i )  
Figure 15. Ax ia l  V e l o c i t y  P r o f i l e s  f o r  Counterswirl Case w i t h  

Predicted  I n l e t  P r o f i l e s :  Or ig ina l  f - r  Model (Contd) . 



( a )  
Figure 16. ~ a n g ( n t i a l  Ye loc i ty  p r o f i l e s  ~ O I  C O - S W ~ ~ ~  Case w i t : -  

predicted '"let p r o f i l e s :  o r i g i n a l  g - ~  Model- 



( c )  
Figure 16.  Tangential  Ve loc i ty  P r o f i l e s  f o r  Co-Swirl Case with 

Predicted I n l e t  P r o f i l e s :  Orig inal  K-c Model (Contd). 



( e l  
Fig2re 16.  Tangential  V e l o c i t y  P r o f i l e s  for Co-Swirl Case with 

Predicted I n l e t  P r o f i l e s :  Orig inal  K-c Model (Contd) . 



(bl 
Figure 17. Tangential Velocity Profiles for Counterswirl Case 

with Predicted Inlet Profiles: Original K t  Model. 
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(d  
Figure 17.  Tangential Veloci ty  P r o f i l e s  for Counterswirl Case 

with Predicted In l e t  Pro f i l e s :  Original K-e Model 
(Con td ) 
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( f )  
F i g u r e  1 7 .  T a n g e n t i a l  V e l o c i t y  P r o f i l e s  f o r  Counterswirl Case 

w i t h  P r e d i c t e d  I n l e t  P r o f i l e s :  O r i g i n a l  K-c Model 
(Contd) . 
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( h )  
Figure 17. Tangent ia l  V e l o c i t y  P r o f i l e s  f o r  Counterswirl Case 

w i t h  Predicted  I n l e t  P r o f i l e s :  Or ig ina l  K-6 Model 
(Contd) . 
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The predicted axial-velocity profile development trends for 
the outer stream are in qualitative agreement with the measure- 

ments in regard to velocity deficit caused by the inner tube 

walls and the outer mixing layer between the two streams. How- 

ever, the correlation for the inner stream development is rather w 

poor . 
The compar ison between computed and measured tangential 

velocity profiles close to the mixing region inlet (up to 3-cm 

downstream from the inlet) is reasonably good but becomes pro- 

gressively worse further downstream. The latter is believed to 
be due to the inability of the model to get good correlation for 

the axial velocity development for the inner tube. 

In order to ensure that computed results are grid indepen- 

dent with minimal false diffusion, calculations were made with 

three sets of grid spacing with an increasing number of finite- 

difference nodes. The results presented were found to be grid 

independent, thus, indicating that poor correlations in the inner 

jet development are attributable to the mathematical modeling of 

turbulence and the flow assembly and not the numerical inaccuracy. 

Task I1 - Computations for Given Inlet Velocity Profiles 

One of the reasons for the inferior quantitative agreement 

between the Task I predictions and the measurements is due to the 

differences in the inlet velocity profiles. The main cause of 

the difference stems from neglecting the elliptic effecis of the 

interaction between the inner and the outer streams. If this 

were the case, then the use of the measured values near the 

entrance plane of the mixing region as the inlet profiles should 

predict a better agreement with the measurements further down- 

stream. 



A series of computations, therefore, were made with the 

measured velocity profiles at x = 0.2 cm as the input profile for 
the mixing region, and the flow field predictions were compared 

with the measurements downstream. The comparison between these 

results and the measurements are shown in Figures 18 through 21. 

Figures 18 and 19 show the axial velocity profile comparisons for 

co-swirling and counterswirling cases, respectively. Although 

these predictions show an improvement over Task I calculations, 

they do not predict any recirculation, while the measurements 

indicate flow reversal for the counterswirling case from x = 1 cm 
to x = 4 cm. In this region, the comparison between the predic- 

tions and measurements were poorer than elsewhere. The compari- 

son of the tangential velocity profiles for co-swirling and 

counterswirling cases is shown in Figures 20 and 21, respec- 

tively. 

These figures indicate some of the shortcomii~gs in the 

turbulence model. In the vicinity of the recirculating region, 

the K-E model seems to underpredict diffusion. This is seen more 

clearly in the tangential velocity profiles downstream of 

x = 1 cm. The ad2ition of swirl on the flow should cause a 

streamline curvature on the whole flow syztem. Streamline curva- 

ture should in turn result in a significant change in the 

Reynolds stresses, thereby increasing the diffusion rate. 

An elucidation of the effect of swirl was afforded by repre- 

senting the radial flux of angular momentum, T$ by 

where A is an empirical constant, and Tk-, is the radial momentum 

flux as predicted by the k-E model. Computer runs were made for 
different values of A and swirl numbers for studying the swirling 

flow field in a straight pipe. The inlet profiles to a 1.42-inch 

(3.61-cm) diameter pipe were assumed to be a uniform axial 
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Figure 18. 
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(b 
Axial Velocity Profiles for Co-Swirl Case with 
Measured Inlet Profiles: Original K-e Model. 



(dl 
Figure 18.  Axia l  V e l o c i t y  P r o f i l e s  for  Co-Swirl Case with 

Measured I n l e t  P r o f i l e s :  Orig inal  K-r Model (Contd). 



Figure 18. Axial Velocity Profiles for Co-Swirl Case with 
Measured Inlet Profilea: Original K-r Model (Contd). 
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(a) 
Figure 19. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles: Original K-r Model. 



( c )  

e 9 Axia l  Velocity P r o f i l e s  for Counterswirl Case 
~ e a s u r o d  i n l e t  Prof L h n :  Oc i q i n a l  K-e *Ode1 

w i t h  
(con td) 
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(e) 
Figure 19. Axial Velocity Profiles for counterswirl Case with 

Measured Inlet Profiles: Original R-E Model (Contd). 



Figure 
(9) 

19. Axial Velocity Profiles for Counterswirl Case with 
Measured Inlet Profiles: Or igir~al K-ci Model (Contd) . 
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(i) 
Figure 19. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles: Original K-c Model (Contd). 
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Figure 20. Tangential Velocity Profiles for Co-Swirl Case with 

Measured Inlet Profiles: Original K-t Model- 



( c )  
Figure 20. Tangential Velocity Profiles for Co-Swirl Case with 

Measured Inlet Profiles: Original K-c Model (Contd). 



(e 
Figure 20,Tangential Velocity Profiles for Co-Swirl Case with 

Measured Inlet Profiles: Original K-€ Model (Contd). 
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(b) 
Figure 21. Tangential Velocity Profiles for Counterswirl Case 

with Measured Inlet Profiles: Original R-c Model- 



id )  
F igure  21. Tan e n t i a l  V e l o c i t y  P r o f i l e s  f o r  Counterswir l  Case 

w i t #  Measured I n l e t  P r o f i l e s :  O r i g i n a l  R-f  Model 
(Con t d  ). 
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Figure 
( f )  

21.  Tangent ia l  V e l o c i t y  P r o f i l e s  f o r  Counterswirl  Case 
with Measured I n l e t  P r o f i l e s :  Or ig ina l  K-c Model 
(Contd) , 



Figure  21.  
(h )  

Tangent ia l  V e l o c i t y  P r o f i l e s  f o r  Counters=i ir l  Case 
wi th  Measured I n l e t  P r o f i l e s :  O r i g i n a l  K-E Model 
(Contd) . 
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{ J l  
Figure 21. Tangential Velocity Profiles for Counterswirl Case 

with Measured Inlet Profiles: Original K-r Model 



v e l o c i t y  of  99.74 f p s  (32.4 s )  , f o r c e d  v o r t e x  (whe re in  V6 is 
A 

p r o p o r t i o n a l  t o  r a d i u s )  , t u r b u l e n c e  k i n e t i c  e n e r g y  of 30 ( f p s )  ' 
2 2  (2.8 m /S ) and l e n g t h  scale e q u a l  to  0.014 i n c h  (0.036 cm) . I 

F i g u r e s  22 t h rough  24 show t h e  a x i a l  v e l o c i t y  p r e u i c t i o n s  a t  x + . 0.37 (0.94 cm), 0.74 (1.88 cm), 1 1  (2.82 cm), 1.48 (3.76 cm) 
and 1.82 i n c h e s  (4.62 cm) f o r  a swirl number of 0.99 and d i f -  

r - 
f e r e n t  v a l u e s  of A. For  A = 1, t h e  p r e d i c t i o n s  c o r r e s p o n d  to t h a t  

of t h e  o r i g i n a l  k-E model. I t  s h o u l d  be emphasized t h a t  i n c r e a c -  
i nq  t h e  v a l u e  of  A i n c r e a s e s  o n l y  t h e  a n g u l a r  momentum f l u x  i n  

t h e  r a d i a l  d i r e c t i ~ n  and d o e s  n o t  d i r e c t l y  a l t e r  t h e  f l u x  o f  any  

o t h e r  q u a n t i t y .  A s  s e e n  i n  t h e s e  f i g u r e s ,  i n c r e a s e s  i n  t h e  v a l u e  

of A c a u s e s  c o n s i d e r a b l e  changes  i n  t h e  p r o f i l e s ,  a l t h o u g h  t h e  

t r e n d  n e a r  t h e  p i p e  c e n t e r l i n e  d o e s  n o t  appea r  t o  b e  rea l i s t ic .  
The p r e d i c t i o n s  f o r  a n g u l a r  momentum. c o r r e s p o n d i n g  t o  a swirl 
number of 0.99 a r e  shown i n  F i g u r e s  25 t h rough  27. 

F i g u r e s  28 t h rough  30 show t h e  a x i a l  v e l o c i t y  p r e d i c t i o n s  
f o r  a 2.98 s w i r l  number f l o w  w i t h  d i f f e r e n t  v a l u e s  f o r  t h e  

e m p i r i c a l  c o n s t a n t  A. These  f i g i l r e s  show t h a t  i n c r e a s i n g  t h e  

r a d i a l  t r a n s p o r t  of a n g u l a r  momentum t e n d s  t o  c a u s e  a f l o w  

r e v e r s a l  due  t o  i n c r e a s e d  d i f f u s i o n .  T h i s  p a r a m e t r i c  s t u d y  was 
made t o  d e m o n s t r a t e  t h e  s h o r t c o m i n g s  of  t h e  o r i g i n a l  k-€ model i n  

h a u d l i n g  complex f l o w s  w i t h  s i g n i f i c a n t  s t r e a m l i n e  c u r v a t u r e ,  

t h e r e b y  i l l u s t r a t i n g  a need f o r  an  improved t u r b u l e n c e  model t o  
t r e a t  s u c h  f l w s .  

Modi f ied  k-€ Model f o r  S w i r l i n g  Flaws 

Although t h e  k-r model a c c u r a t e l y  p r e d i c t s  t h e  f l a w  f i e l d  

f o r  s i m p l e  f l o w s ,  any simple e x t e n s i o n  of t h e  t u r b u l e n c e  model t o  
h a n d l e  complex f l w s  c a n  a t  b e s t  be  e x p e c t e d  t o  g i v e  q u a l i t a t i v e  

agreement  w i t h  measurements  ( r e f .  18), e s p e c i a l l y  w i t h  r e g a r d  t o  
t h e  t u r b u l e n c e  p a r a m e t e r s .  



Figure 22. A x i a l  V e l o c i t y  P r o f i l e s  f o r  0 .99  S w i r l  N u w e r  
F o r c e d  V o r t e x  P l u g  Flow. 

Figure 23 .  A x i a l  V e l o c i t y  P r o f i l e s  f o r  0 .99  S w i r l  Number 
F o r c e d  Vortex Flow 2 Times TY. 



Ti -  

Figure 24 .  A x i a l  V e l o c i t y  P r o f i l e s  f o r  0 .99  S w i r l  Number 
Forced Vortex Flow 5 Times TY. 



Figure 25. Tangential  V e l o c i t y  P r o f i l e s  f o r  0 . 9 9  S w i r l  Number 
Forced Vortex Plug Flow. 

Figure 26.  Tangential  V e l o c i t y  P r o f i l e s  f o r  0 . 9 9  Swir l  Number 
Forced Vortex Plug F l  v 2 T i m e s  TY. 



27. Tangential Velocity Profiles for 0.99 Swirl 
Forced Vortex Plug Flow 5 Times TY. 

Figure 28. Axial Velocity Profiles for 2.98 Swirl Number 
Forced Vortex Plug Flow 1 Time TY. 

Number 



Figure 

Figure A x i a l  V e l o c i t y  P r o f i l e s  f o r  2 .98  S w i r l  Number 
Forced Vortex Plug Flow 2 Times TY. 

30.  A x i a l  V e l o c i t y  P r o f i l e s  f o r  2 .98  S w i r l  Number 
Forced Vortex Plug Flow 5 Times TY. 



The turbulence modeling approach employed in this study was 

based upon the suggestions by Bradshaw (ref. la), where the 

effect of streamline curvature on the turbulence scale is 

expressed by 

-@here lo is the mixing length in a simple flow, fl and Ri are the 
empirical constant and the appropriate Richardson number. The 

Richardson number is a measure of the extra strain rate associ- 

ated with the streamline curvature. 

Militzer, Nicoll, and Alpay (ref. 30) followed the approach 

of modifying the source term, GK, in the transport equation for 

turbulence kinetic energy for obtaining goad correlations with 

measurements in the recirculating region produced by two plane 

parallel unconfined jets. The modified source term G i  obtained 

by them was given by 



The empirical constants A1, A2 ,and A3 were equal to 1.15, 11.3 

and 0.18, respectively. Sc was set equal to zero for P values 

greater than or equal to Age With this modification, the 2-D 

elliptic program using the upwind difference scheme resulted in 

poor comparison with measurements (ref. 31). Hawever, by utiliz- 

ing the skewed upwind numerical scheme' developed by Raith:)y 

(ref. 32). excellent agreement between predictions and experi- 

ment was reported. The method employed by Militzer et.al. was 

limited to nonswirling flows. 

Launder (ref, 33) proposed a simple modification to the con- 

stant C2 in the k-€ turbulence model, of the form 

where 

and C is an empirical constant. It is noted that the original 
2v'l 

k-r m a s 1  is recovered by setting C2 = 0. 
ve 

A series of computations were made with Norse's modification 

and using the measured velocity profiles as input. Several dif- 

ferent values of C, were used in this series of computations. 
L 

Morse's recommendedVovalue for C2 is 0.36. The predicted 
v, 

results £01 counterswirl case using% = 1.62 are presented in 
2 ~ a  

Figures 31 and 32. The value of 1.62 "for C2 gave by far the 

best agreement with the data. v9 

Figure 31 shows a comparison of the axial belocity pro- 

files, at several axial stations, between the predictions and 

n.:asurements. It is interesting to note that Morse's model does 



(b) 
Figure 31. Axial Velocity Profiles for Counterswirl Case; 

Morse's Model, C = 1.62. 
2ve 



i dl 
F igure  31.  Axia l  V e l o c i t y  P r o f i l e s  f o r  Counterswir l  Case; 

Morse's Model, C2 = 1 . 6 2  (Contd).  
vo 



( f  
Figure 31. Axial Velocity Profiles for Counterswirl Case; 

Morse ' s nodel; C2 = 1.62 (Contd). 
ve 



(h) 
i r e  3 A x i a l  V e l o c i t y  P r o f i l e s  for Counterswirl Case: 

Morse's Model, C2 = 1 .62  (Contd). 
ve 



(a) 
Figure 32. Tangential Velocity Profiles for Counterswirl 

Morse's Model, C2 1.62- 
v9 
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(c) 
Figure 32. Tangential Velocity Profiles for Counterswirl Caeei 

Morse's Model, C2 = 1.62 (Contd). 
Ve 



(el 
Figure 32. Tangential Velocity Profiles for Counterswirl Case; 

Morse's Model, C2 = 1.62 (Contd). 
"9 



(9) 
Figure 32. Tangential Velocity Profiles for Counteruwirl Care; 

Morse's Model, C2 = 1.62 (Contd). 
"e 
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( i )  
PJgurc  32. Tanaential Velocity Profiles for ~ounterrwirl C ~ e e ;  

Morse I s  Model, C2 = 1.62 (Contd). 

"9 



predict a recirculation zone. Although this model shows improve- 

ments in the agreement with the data, particularly in the recir- 
culation zone (x between 1 cm and 6 cm), still better agreement 
is desirable near the centerline of the tube, 

Figure 32 represents a comparison between the predicted 

and the measured data for tangential velocities. These figures 

show a noticeable improvement in the results in the proximity of 
the recirculation zone. Despite these improvements, still better 

agreement is deemed necessary. 

This series of tests revealed that, as the value of C, was 

increased, the agreement between predictions and the measurements 

gradually improved. But, for values of C larger than 1.62, 
2v 

the recirculation zone gradu'ally became smaller and smaller. 

This trend was detected to be associated with C2 becoming nega- 

tive at some point in the flow fieli, which is unrealistic. 

This difficulty was overconre by adopting the following mdi- 

f ication: 

where a 
Ve 

and a, are empirical constants, RiVa is the swirl 

Richa~dsor. number and Ri, is the curvature Ric ardson number. 

The definition of Ri 
Ve 

is given in Equation (24) ; Ric is 

obtained by adopting the method of Militzer, et.al. (ref, 31) as 

l,here, the radius of curvature, R, is defined by 



The exponential form adopted in this model ensures that C2 

can never become negative. In order to establish the relative 

magnitudes of Ric and Ri , computations were made with several 
ve 

values of a and g. For reasons of brevity, only some of these 
ve results are presented in this report. 

The predicted axial velocity profiles for the counterswi rl 
case withe = -0.75 and ec = 0 are compared with measurements v8 
in Figure 33. The inlet profiles for the mixing region used in 

these computations were obtainec? from measurements. The pre- 

dicted profiles for this case indicate a much better agreement in 

the recirculation zone than the original k-c model. In the ini- 

tial mixing region, including the recirculation zone, the modi- 

fied k-E model with e = -0.75 and ac = 0 gives better cor- 
v, 

relation than the original k-c model. But, in the region down- 

stream of the recirculation zone (x>8 cm), the modified k-c model 

is in poorer agreement with measurements than the original X - t  

model. This trend is also exhibited in the tangential velocity 
predictions as shown in Figure 34. The modified k-r model pre- 

dictions show kinks in the tangential velocity profiles espec- 

ially in the recirculation zone. These kinks in the profiles 

were not observed in the original k-r model predictions. The 

modified k-c model showed improvements in the agreement in the 

recirculation zone. In addition, the centerline axial velocity 

recovery is much slower than that predicted by .-he original k-c 

model and is in better agrecrent with the trends seen in t.he 

data. 

To illustrate the effects of the curvature of the stream- 

lines on the turbulent transport, a non-zero value for ac was 



Figure 73. Axia l  Velocity Profiles for Counterswirl Case with 
Measured Inlet Profiles, Modified K-r Model; 
a = -0 .75 ,  ac = 0 .  

78 "8 
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(d 
Figure 33. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles, Modified K-c Model; 
a = -0.75, a = 0 (Contd). 
ve C 



(f 
Figure 33. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles, Modified K-r Model; 
= -0.75, a, = 0 (Contd). 

ve 



(h)  
Figure 33. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles, Modified K-c Model; 



t J I  
Axial Velocity Profiles for Counterswirl Case 
Measured Inlet Profiles, Modified K-c Model; 

with Figur 

a = -0.75. ac = 0 (Contd). 
"8 
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Figure 34. Tangential Velocity Profiles for Counterswirl Case 
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with Measured Inlet Profiles; Modified K-' ~odel; 
a . -0.75, ac = 0 .  
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( f  
Figure 34. Tangential Velocity Profiles forConnterswir1 Case 

with Measured Inlet Profiles; Modified K-c Model; 



(h )  
Figure 34. Tangential Velocity Profiles for Counterswirl Case 

with Measured 1nlei Profiles; Modified K-i Mooel: 
fl -0.75, aC = 0 (Contd). 

"0 



( j )  
Figure 34. Tangential Velocity Profiles for Counterswirl Case 

with Measured Inlet Profiles; Modified k-e MMel; 
a ' -0.75, aC = 0 (Contd). 
Ve 87 



selected. Several d i f  ferent value. of aC were tried out i n  the 
tes t  runs, and among those, by far the beat comparison w i t h  aea- 
surements was obtained for the care o f a  = -0.75 andoc 0 -2.0. ve 
A comparison of the predicted reaultr for axial velocity w i t h  the 
measurements for the counterswirl case are shown i n  Figure 35. 
.1 comparison of the results presented i n  Figure 33 and those shown 
i n  Figure 35 reveals marginal improvement i n  the agreement w i t h  

data. T h i s  implies that i n  a strongly swirling f low,  like i n  t h e  

test  case, the Richardson Number due to swirl has a dominant 
effect on turbulent transport and the effect of the curvature of 
streamlines is quite small. T h i s  observation was also reported 
by Bradshaw (ref. 18). The predicted tangential velocity pr* 
f i l e s  for o = -0.75 and ac = -2.0, as seen i n  Figure 36, show 

Ve improvements izside and downstream of the recirculation zone. 
The effect of the length scale modification based upon the extra 
strain rate is seen i n  the recirculation zone, where k i n k s  i n  the 
profiles are predicted. Comparison of Figures 36 and 34 shows 

that the effect of streamline curvature (iC) on the tangential 
velocity profile i s  minimal. 

Although the modified k-E model gave imprwed correlations 
w i t h  the counter-swirling f l o w  data, it failed t o  give a con- 
verged solution for the c5-swirl case, even after a limited 
number of attempts were made tn imprwe convergence by u s i n g  d i f -  

ferent under-relaxation factors and in i t i a l  profile development. 
This effort  was not pursued to  the point where specific con- 
clusions could be made as to  why the modified k-€ turbulence 
model was t r  igqer ing a numerical instabill  ty .  

Another potential area of inaccuracy i n  the computations 
l i e s  i n  the specification of inlet  turbulence kinetic energy and 
length scale profiles. The 2-D e l l ip t i c  program, as a default 
option, assumes uniform prqfiles for inlet  turbulence kinetic 
energy and length scale, corresponding to  a f u l l y  developed f low,  



(b) 
Figure 3 5. Ax la1  V e l o c i t y  Prof ile8 for Counterswirl Case with 

Measured I n l e t  Prof ilea; Modif i c d  I - r  Model; 
n = -0.75, aC = -2.0. 

"8 
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(dl 
Figure 35. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles; Modified K-E Model; 
= -0.75,  ac = -2.0 (Contd). 

ve 



( £ 1  
Figure 35. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles; Modified K-r Model; 
a = - 0 . 7 5 , a  1 - 2 . 0  (Contd). 
va C 



Figure 
( h )  

35. Axial Velocity Profiles for Counterswirl Case with 
Measured I n l e t  Profiles; Modified 8 - c  Model: 



( j 1 
Figure 35. Axial Velocity Profiles for Counterswirl Case with 

Measured Inlet Profiles; Modified K-c Model; 
a = -0.75, aC = - 2 . 0  (Contd). 

"t? 



( b )  
Figure 36. Tangential Velocity Profiles for Counterswirl Case 

with Meaeuted Inlet Profiles; Modified K-r Model; 
a = -0.75, aC = -2.0- 

vo 



6 -- ---. - 
-7- --.- r r -  1 

4a.m -3r.w . -18 
:&Ni I~:'%LOC IT? fl/&? 

16.00 24.00 s2.m 

(dl 
Figure 3 6 .  Tangential Velocity Profiles for Counterswirl Case 

with Measured Inlet Profiles; Modified K-r Model; 
OL ' -0.75, (IC = -2.0 (Contd). "0 95 



( f )  
Figure 36. Tangential Velocity Profiles for Counterswirl Case 

with Measured Inlet Profiles; Modified R-r Model; 
= - 0 -75 ,  aC = -2.0 (Contd). 
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(h) 
Figure 36. Tangential Velocity Profiles forCounterswir1 Case 

with Measured Inlet Profiles; Modified K-t Model; 

a ve -0.75, aC = -2 .0  (Contd). 



Cj) 
Figure 36. Tangential Velocity Profiles for Counterswirl Case 

with Measured Inlet Profiles8 Modified K-r Model; 
a = -0 .75,  aC = -2.0 (Contd). 

98 ve 



where hinlet  is the radius of the representative inlet  ducts. 
The strongly converging outer f law paasage is expected to  result 
i n  a reduced turbulence intensity, and the character i s t i c  lenqth 
scale is also likely t o  be smaller then the f u l l y  developed 
values of turbulence kinetic energy and the length scale. 

Several different runs were made w i t h  smaller inlet  k i n e t i c  
energy and length scale profiles t o  determine the effect of these 
inlet  profiles. These teat runs were made parametrically, t o  
delineate the effect of each. Prodictions were obtained w i t h  the 
original, as well as the modified k-€ model. The predictions d id  

not show any major improvements i n  the mean velocity profiles. 
These results are not presented here for the sake of brevity. 

The results obtained w i t h  the modified k- model demonstrate 
that the two equation turbulence model can be modified to  yield 
more accurate predictions, especially i n  the recirculation zone. 
A closer look a t  the experimental data reveals that the F Lructure 
of turbulence near the recirculation zone is quite anisotropic, 
T h i s  inference stems from t h e  vastly different radial gradients 
of axial and angular momenta. The anisotropy implies the exist- 
ence of multiple length scales i n  the turbulence structure, But ,  

the k-c model has the single length scale assumption b u i l t  i c to  
the equations, and any simple modification of the turbulence 
model can not be expected to  give very accurate predictions i n  
the recirculation zone. Development of multi~cale turbulence 
models is beyond the scope of t h i s  program. The inability of the 
original k-t: model i n  predicting recirculation i n  the counter- 
swirling case indicates a deficiency i n  the approach adopted t h u s  

far. The effects of pressure gradients on the f low  development 
i n  the mixing region aKe not accounted for i n  Tasks I and 11. I n  
order to include these effects i n  the analysis, it was deemed 
necessary t o  simulate the geometry of the entire swirling f l o w  

assembly. 



Task 111-Results 

A mdif ied 2-D elliptic program was used in Task 111 in 

order to simulate the inner and the outer flow geometries as 

shown in Figure 37. The outer f l w  was simulated i : I . - , .  

analysis as an axial injection station. The program is +able 

of handling any prescribed profiles for the axial injection. For 

the inner stream, the model assumed a uniform inlet axial 

velocity profile with a magnitude of 30.8 m/s fram r = 0 to 

r = 1.86 cm and a uniform tangential velocity profile with magni- 

tudes of 33.18 m/sec from r = 0,635 cm to r = 1.86 cm and zero 

for r < 0.635 cm. flow. The inlet profiles for the outer swirling 

stream were calculated by the AiResearch CAPS Program. The pre- 

dicted axial and tangential velocities for the outer stream in 

the counterswirling arrangement is shown in Figure 38. The inlet 

radial velocity values were zero for both inner and the outer 

streams. uniform inlet static pressure profiles were prescribed 

for both of the streams in Task I11 computations. 

Figure 39 presents predicted axial velocity profiles for the 

flow assembly simulation (Figure 37) with the original k-c model. 

These results may be compared with Task I computations, shown 

previously in Figure 15, to infer upstream effects of the outer 

stream on the inner stream flow development. The Task I11 cam- 

putations are in good agreement with data even without modifyins 

the k-c model. The differences in the profiles in the region 

corresponding to the outer channel are attributed to the nature 

of the potential flow results employed for the inlet profile of 

the outer stream. The predicted recirculation zone, as identi- 

fied by the negative axial velocity region, compares favorably 

with the Cornell data. 

The tangential velocity profile predictions for this case 

are compared with the measurements in Figure 40. These profiles 
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(b) 
Figure 39. Axial V e l o c i t y  P r e d i c t i o n s  of the  M d i f i e d  2-D 

E l l i p t i c  Program for counterswirl Case; Or ig ina l  
K-c Model. 
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(dl 
Figure 39. Axial Velocity Predictions of the Modified 2-D 

Elliptic Program for Cauntorsw.rl Case; original 
K-r Model (Contd). 
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( f )  
Figure 39.  Ax ia l  V e l o c i t y  P r e d i c t i o n s  o f  t h e  Modified 2-D 

E l l i p t i c  Prqram f o r  Counterswirl Case; Original 
K-c Model (Contd) . 
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( h )  
Figure 39. Axia l  V e l o c i t y  P r e d i c t i o n s  o f  t h e  Modified 2-D 

E l l i p t i c  Program f o r  Counterswirl  Case; O r i g i n a l  
K-c Model (Contd).  



Figure 39. 
(i) 

Axial Velocity Predictions of the Modified 2-D - - 

slliptic ~rogiarn for Counterswirl Case ; Original 
K-c M o d s  (Congd) . 

\ J J  
Figure 43. Tangential Velocity Predictions of the Modified 2-D 

Elliptic Program for Counterswirl Case; Original 
K-r Model. 
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Figure 40. Tangential Velocity Predictions of the Modified 2-D 

Elliptic Program for Counterswirl Case; Original 
R-r Model (Contd). 
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Figure 40. Tangential Velocity Predictions of the Modified 2-D 

Elliptic Program for counterswirl Case; Original 
K-e Model (Contd). 



(9) 
Figure 40. Tangential Velocity Predictions of the Modified 2-D 

EXlliptic Program for Counterswirl Case; Original 
K-t Model (Contd). 



(i) 
Figure 40. Tangential Velocity Predictions of the Modified 2-D 

Elliptic Program for Counterswirl Case; Original 
K-r Model (Contd). 



s h o w  very good agreement w i t h  the data. The CAPS program com- 
putes the tangential velocity by applying the f ree  vortex atruc- 
ture (rV6 = constant) t o  the outer swirling flow. The measure- 
ments seem to  indicate that  t h i s  s tructure is prevalent i n  the 
outer flow, w i t h  the exception of the regions near the tube 
walls. The tangential velocity profi les agree very 
the beginning of the recirculation zone (X  = 2 cm) . 
region, the agreement is not as good. Some of these 
are believed to  be due to  the deficiency of the k-r 
k-e model assumes that the turbulence is isotropic, 

well up to  
Beyond t h i s  

differences 
model. The 
and hence a 

single length scale is associated w i t h  a l l  three directions. I n  
the vicini ty of the recirculation zone, the production of turbu- 
lence kinetic energy should be very high due to  *the h igh ,  local  
s t ra in  rates.  I t  has been observed experimentally ( re f .  34)  that 
regions of turbulence kinetic energy product ion have h i g h l y  

skewed turbulence structure causing a large deviation from 
isotropy. The k-c model i s  not expected to  resul t  i n  excellent , 
agreement i n  the anisotropic regions near the recirculation zone. I 

Furthermore, the measured data u s i n g  pressure probes inside the . 
recirculation zone are not l ikely to be very accurate. 

The resul ts  presented i n  Figures 39 and 40 indicate that  the 
pressure distr ibution resulting from the interaction between the 
inner and the outer streams plays a very important role i n  pro- 
ducing a recirculation region i n  the flow field.  The extent of 
t h i s  interaction is i l lus t ra ted i n  the to t a l  pressure distribu- 
tion. 

I n  a ful ly  developed isoenergetic, nonswirling potential 
flow i n  a pipe, the s t a t i c  pressure is constant across the diam- 
eter  of the pipe, and the to t a l  pressure distr ibution would 
depend upon the local velocity profiles.  When swirl is intro- 
duced into t h i s  potential flow, the centrifugal acceleration 
caused by the swirl would tend to  increase the s t a t i c  pressure 
near the pipe wall and reduce it near the centerline. The to t a l  



pressure variation across the pipe would alter accordingly. The 
effect of viscosity on the total  pressure distribution would be 
to introduce sharp gradients i n  the viscous layer. In view of 
these qualitative trends, the radial total  pressure distribution 
i n  the swirling f l o w  field can shed some light on the arem where 
the k-c model needs improvement. 

A comparison betweer: the measured and the predicted total  
pressure distribution for the counterswirling flow case is shown 
i n  Figure 41. These figures represent one-tenth af the differ- 
ence between local total  pressure and the total  pressure a t  the 
pipe wall, IPT - (PTIwall 1/10. Figure 4 1  shows that the pre- 
dicted profiles agree very well w i t h  measurements i n  the inner 
flow region near the centerline, while the agreement is not as 
good i n  the outer flow region. The lack of good agreement i n  the 
outer flow is attributed to the nature of the CAPS program pre- 
dictions. Notwithstanding this difference, the predicted total  
pressure profiles are i n  very good agreement w i t h  measurements up 

to the beginning of the recirculation zone, and the comparison 
gets worse further downstream. The gradual deterioration i n  the 
quantitative agreement i s  due the k-c turbulence model short- 
comings and other potential numerical difficult ias.  Further, the 
accuracy of the measurements i n  the recirculating region i s  
unknown. 

Although the total  pressure distributions describe how close 
the flow field is to a potential flow, the effect of interaction 
i s  revealed on the s t a t i c  pressure distribution. Since the 
s ta t i c  pressure distributions can be obtained from the total  
pressure and the velocity profiles, they are not prebented i n  
t h i s  report for brevity. However, i t  is interesting to obtain an 
idea of the axial variation of the s t a t i c  pressure. The center- 
l ine s ta t i c  pressure drop predicted by the modified 2-D e l l i p t i c  
program i s  compared w i t h  the values obtained from the Cornell 
data i n  F i p r e  42. The agreement between the predicted and the 
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(b) 
T o t a l  Pressure P r e d i c t i o n s  o f  t h e  Modified 2-D 
Elliptic Program t o r  Counterswirl Case; Original 
K - t  Model. 
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Figure 41. 
(a 

Total Pressure Predictions of the Modified 2-D 
Elliptic Program for Counterswirl Case; Original 
I-t Model (Contd). 



( f )  
Figure 41. Total Pressure  P r e d i c t i o n s  o f  the  Modified 2-D 

E l l i p t i c  Program f o r  Counterewirl Case; Original 
K-t Model (Contd).  



(h) 
F igure  41. T o t a l  Pressure  P r e d i c t i o n s  of t h e  Modif ied 2-D 

E l l i p t i c  Prograin for Counterswirl Case; Original 
K-c Model (Contd) .  



Figure 41.  T o t a l  Pressure P r e d i c t i o n s  o f  t h e  Modified 27D 
E l l i p t i c  Program f o r  Counterswirl  Case; Original 
K - t  Model (Contd).  





measured pressure drop is quite good. A similar comparison of 
the wall static pressure drop between the predicted and the mea- 

sured results are shown in Figure 43. This figure, once again, 

shows that the two results are in good quantitative agreement. 

The k-c model predictions on pressure drop in other regions are 

in a srmilar agreement with the measurements. 

Figure 44 represents the comparison of the turbulence 

kinetic energy profiles predicted by the modified 2-D elliptic 

program and the measured longitudinal component of the turbulence 
7 kinetic energy, 1/2<U >. The values of inlet turbulence kinetic 

energy used in the Task I11 computations correspond to the fully 

developed flows; namely, uniform k vales with magnitude 0.003 

(Uav) . This corresponds to a nondimensionsli zed turbulence 
intensity of 5.5 percent. In,view of the accelerating outer flow 

passage, this value was considered to be a reasonable estimate. 

The results presented in Figure 44 show that the predicted 

kinetic energy values are lower than those deduced from the data 

up to the end of the recirculation bubble, and beyond this zone, 

the magnitudes are in closer agreement. The experimental data on 

turbulence were obtained using a hot wire anemometer. These 

results indicate that the estimated values for the inlet turbu- 

lence kinetic energy of the outer flow is indeed reasonable. The 

relatively inferior agreement near the recirculation bubble is 

partially attributed to the isotropic assumption in the k-c 

model. The agreements between predictions and the data in the 

outer flow region are ~niformly good. 

In swirling pipe flows, experimental observa"ions (ref. 37) 

show that turbulent kinetic energy is produced directly from the 

mean flow on both longitudinal and transverse components, The 

production of the transverse component is increased near the 

outer wall and the large scale turbulence eddies generally roam 
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Figure 4 3 .  Wall S t a t i c  Pressure  V a r i a t i o n  f o r  Counterswirl  
Case.  



Figure 44. Turbulence K.E. Predictions of the Modified 2-D 
Elliptic Proqram for Counterswirl Case; Orjginal 
K-c Model. 



Figure 44 .  Turbulence K.E. P r e d i c t i o n s  o f  t h e  Modified 2-D 
E l l i p t i c  Program f o r  Counterswirl  Case; O r i g i n a l  
K-c Model (Cantd) . 



Figure 44. Turbulence K.E. Predictions of the Modified 2-IJ 
Elliptic Program for Counterswirl Case; Original 
K-6 Model (Contd) . 



Figure 4 4 .  Turbulence K.E.  P r e d i c t i o n s  of t h e  Modif ied 2-D 
E l l i p t i c  Program f o r  Counterswir l  Case; O r i g i n a l  
K-c Model (Contd) . 
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radially back and forth i n  the outer half of the flow. T h i s  ind i -  

cates a  generally higher turbulence production near the outer 

i wall than near the center. 

s I n  t h e  present swirling flow assembly, the inner flow has a  

swirler vane whose hub radius is 0.635 cm and the t i p  radius is 
1.86 cm. I n  the core of the flow, no swirl is generated. The 
flow development downstream should exhibit the e f fec t  of the 
shear layer from the hub region and an increased turbulence 
kinetic region near the t i p  radius of the swirler vanes. The 
shear layer produced by the shroud a t  the hub of the vanes would 
tend to  decrease the turbulence kinetic energy i n  that region. 
These trends are clearly seen i n  the predicted results .  The mea- 
sured profi le  a t  X = l cm shows a  similar behavior. The large 
gradients i n  the kinetic energy prof i le  are gradually smeared out 
w i t h  increasing distance downstream. 

From the point of view of analytical predictions, the most 
sensitive quantity i n  the model is the radial  velocity. The 
radial  velocity component, Vr i n  the present configuration, is 
quite small compared to  the other mean velocity components. The 
radial  velocity is also the most d i f f i cu l t  t o  measure i n  the 
recirculation zone. The probe interference effects  on radial  
velocity would be by far  the most pronounced. Figure 45 shows 
the comparison between the predicted and the measured radial  
velocity components for the counterswirl case. 

The modified 2-D e l l i p t i c  program was also employed to 
analyze co-swirling flows. I n  t h i s  case, a uniform in le t  axial  
velocity af magnitude 29.65 m / s  was used for the inner flow. The 
in le t  tangential velocity prof i le  employed had a  magnitude of 
zero from r-0 to r=0.635 cm and a  constant value of 33.1 m / s  from 
r-0.635 cm to r ~ 1 . 8 6  cm. The profi les used for the outer stream 
were obtained from the CAPS program and are i l lus t ra ted i n  Fig- 

ures 14(a)  and 16 (a ) .  The radial  velocity component was se t  



(b) 
Figure 45.  Radial Ve loc i ty  Predict ions  o f  the  Modified 2-D 

E l l i p t i c  Program for  Counterswirl Case; Original 
K-r Model. 



(dl 
Figure 4 5 .  Radial  V e l o c i t y  P r e d i c t i o n s  o f  t h e  Modified 2-D 

E l l i p t i c  Program for  Counterawirl Case; Original 
R-c Model (Contd). 



( f  1 
Figure 45 .  Radial V e l o c i t y  P r e d i c t i o n s  o f  the  Modified 2-D 

E l l i p t i c  Program f o r  Counterswirl  Case; Original 
K-c Model (Contd). 



(h )  
Figure 45. Radial Velocity Predictions of the Modified 2-0 

Elliptic Program for Counterswirl Case; Original 
K-r Model (Contd). 



ci,. 
.gure 45, Radial Velocity Predictions of the Modified 2-D 

Elliptic Program for Counterswirl Case; Original 
K-e Model (Contd), 
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(a) 
Figure 46. Modified 2-D Elliptic Program Predictions for Axial 

Velocity in Co-swirl Case; Original K-c Model. 



I U I  
Figure 46.  Modified 2-D E l l i p t i c  Program Predict ions  for  h x i a l  

Ve loc i ty  i n  Co-Swirl Caae; Orig inal  R-c Model (Contd). 



(el 
Figure 46. Yodified 2-D Elliptic Program Predictions for Axial 

Velocity in Co-Swirl Case; Original K-c Model (Contd). ! 
! 



equal to zero at the inlet plane and the inlet static presrure 
profile was assumed to be uniform for both the inner and the 

outer streams. The prediction8 in this case did not exhibit the 

same kind of agreement with measurements as in the counterewirl 

case. 

Figure 46 affords a comparison of the axial velocity profiles 

in the co-swirling case. The solid line represents the pre- 

dictions of the modified 2-D elliptic program, and , the broken 

line represents the Cornell data. The two curves are in close 

agreement near the exit plane of the inner jet. Even though the 

measurements do not show any recirculation zone in the co-swirl 

case, the predictions do show the presence of a recirculation 

region. This recirculation region is smaller than that in the 

counterswirl case. 

Figure 47 provides a comparison becween the predicted and 

measured tangential velocity profiles. The agreement between 

these profiles is within about 10 percent in most of the region 

corresponding to the outer flow. In the inner flow region ( r <  
2 cm) , the two profiles show significant differences downstream 
of x = 0.2 cm. As in the counterswirl case, the tangential 

velocity profiles in the outer flow region have the free vortex 

(No = constant) characteristics, except in the viscous region 

adjacent to the outer wall and the shear layer region near the 

inner tube wall. 

The modified 2-D elliptic program predictions for turbulence 

kinetic energy are presented in Figure 48. The measured longi- 

tudinal component of the turbulence kinetic energy, 1/2 u7, is also 
shown in this figure for comparative purposes. This figure indi- 

cates that the predicted value of turbulence kinetic energy in 
the core of the flow is smaller than that deduced f tom the data, 

and the values in the outer flow are comparable in magnitude. 



(b) 
Figure 47.  Modified 2-D E l l i p t i c  Program Predict ions  for  

Tangential Velocity in Co-Swirl Case; Original 
If-r Model. 





( c )  
Figure 47. Modified 2-D Elliptic Program Predictions for 

Tangential Velocity in Co-Swirl Case; 3riginal 
K-e Model (Contd). 
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Figure 48. Modified 2-D Elliptic Program Predictions for 
Turbulence K.E. in Co-Swirl Case; Original K-r 
Model (Contd) . 
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T h i s  is partially due to the low inlet  turbulence kinetic energy 
values. 

A comparison of the predicted radial velocity prof i l e r  i n  
the co-swirl case w i t h  the measurement8 are 8hown i n  Figures 49. 

These results are presented only for the purpore of providing 
qualitative comparison. 

A s  alluded to earlier i n  t h i s  section, the CAPS results cor- 
respond to the potential flow solutions. When these results were 
employed for the outer stream, the 2-D e l l i p t i c  predictions were 
not i n  very good agreement w i t h  the measurements i n  the outer 
flow regions. I n  an effort  to  get a better comparison w i t h  the 
test  data, the outer duct was simulated more accurately i n  the 
next series of runs. The injection through the blockage was 
simulated i n  such a way that the outer stream had an entrance 
length of 1.35 inches (3.43 cm). Another objective of t h i s  

effort  was to determine the effect of the outer stream geometry 
on the interaction between the inner and the outer streams. The 
predicted results of t h i s  simulation w i t h  the original k-r  model 
were nearly identical to those shown i n  Figure 39, implying 
negligible effect due to  the change i n  the simulated outer flow 
geometry. 

Another series of computations were made for the counter- 
swirl case employing the modified K-E model and the modified 2-D 
e l l ip t i c  program. These computations were made to determine i f  

the conclusions reached earlier w i t h  the modular approach were 
true when the interactive effect8 between the two streams were 
taken intc account. The value for r and ac used i n  these runs 

"0 
was -0.5. A comparison of these results w i t h  those shown i n  Fig- 
ure 39 showed that the modified k-c model improved the comparison 
w i t h  the test  data inside the recirculation zone. The modified 
k-r model predictions exhibited trends similar to those reported 
i n  Figure 35. 



(b) 
Figure 49. Modified 2-D E l l i p t i c  Program Pred ic t ions  for  

Radial Ve loc i ty  i n  Co-Swirl Case; Orig inal  K-r 
Mode 1. 



(dl 
Figure 49. Modified 2-D Elliptic Program Prediction8 for 

Radial Velocity in Co-Swirl Case; Original X-c 
Model (Contd). 



Figure 49.  Modified 2-D Elliptic Program Predictions tor 
Radial Velocity i n  Co-Swi r 1 Case ; Original K-r 
Model (Contd). 



A comparison of the predicted rtreanlines i n  the three tarkr 
for the counternwirl care are ahom i n  Figurer 50 through 54. 
Figure 50 shows the predicted atreamliner of Tark I, wherein the 
inlet  profiles of the mixing region were ertirated from the rasr 
f law rate and the swirler vane angle. Thesc streanline contour8 
do not show any recirculation bbbble. However, the slight convex 
curvature of the streamlines near the centerline ohowr the effect 
of radial pressure gradients induced by swirl. Similar stream- 
l ine isopleths were obtained even when the inlet profiles for the 
mixing region were obtained from test  data. T h i s  point is i l l u s -  
trated i n  Figure 51 for the counterswirl case w i t h  the original 
k-r model. However, when the modified k-c model was used to 
analyze the flow, a relatively small recirculation bubble was 
predicted. The iso-streamline contours for the lnodif fed k- 
model predictions are shown i n  Figure 52. These results were 
obtained by using inlet prof ilts from test  data and a -0.75 

ve 
and ac = -2.0. The location of the leading edge of the recircula- 
tion bubble agrees quite well w i t h  the Cornell data. B u t  the 
trailing edge of the bubble i n  t h i s  prediction is farther down- 
stream than the data .  

The predicted streamline contours us ing  the modified 2-D 

e l l ip t i c  program are shown i n  Figures 53 and 54. Figure 53 shows 
the predic-d iso-streamlines from the modified 2-D e l l i p t i c  pro- 
gram when the original k-r model was employed. T h i s  figure shows 
the location and the size of the predicted recirculation region. 
The size as well 3s the location of the leading edge of the 
recirculation bubble agrees very well w i t h  those deduced f r m  
the test  data. The predicted streamlines us ing  the modified k-e 

model, w i t h  avo - o = -6.5 are shown i n  Figure 54. T h i s  figure 
C 

shows a much larger recirculation bubble than those seen i n  
Figure 53. T h i s  bubble i s  larger i n  a l l  directions than that 
obtained w i t h  the original k-c model, as well as that corre- 
sponding to the test  data. The geometry of the simulated outer 
f lw duct w i t h  an entrance length is also shown i n  t h i s  figure. 



Figure 50. Streamline Contours for Counterswirl Case with 
Predicted Inlet Profiles; Original K-c Model. 

F i g u ~ e  51. Streamline Contours for Counterswirl Case 

.04 

with 
Measured Inlet Profjles; Original K-c Model. 
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Figure 52. Streamline Contours for Counterswirl Case with 
Measured Inlet Profiles: Modified K-t Model, 

Figure 5 3 .  Streamline Cmtours of the Modified 2-D Elliptic 
Program Predictions far Countcrswirl Case, 
Original K - t  Model. 



Figure 54. Streamline Contours of the Modified 2-D Elliptic 
Program Predictions for Counterswirl Case; Modified 
K-c Model, a = orC = -0.5. 

"9 



The distance between the outer flow injection station, and the 

lip of the inner tube used in this computation was 1.35 inch 

(3.43 cm). The streamline contours deduced from the test data 

are shown in Figure 55 for comparison. 

The computations were performed on a C X  Cyber 174 computer. 

The required average computer processing time on this system was 

approximately 0.9 seconds per equation for each iteration. 



Figure 55. Streamline Contours Corresponding to Gouldin's Test 
Data. 



CONCLUSIONS 

o Predictions were obtained for the follawing tasks: 

Task I - Computations with given geometry of the mixing 
region, using original K-c model for co- and counter- 

swirling cases. 

Task I1 - Computations with prescribed inlet profiles 

from measurements 

Original K-E model for co- and counterswirl cases 

Modified K-E model (Richardson number effects) 

o Improved correlations were obtained for the 

counterswirl case 

o Co-swirl computations failed to converge. 

Task I11 - Computations with modified 2-D elliptic p r ~  

gram 

0 Original K-c model for co- and counterswirl cases. 

Modified K-c model 

o Counterswirl case, a = a C  = -0.5 
ve 

o Co-swirl computations failed to converge. 

CI In Task I, the inlet profiles for the mixing region 

were estimated by neglecting the elliptic effects of 

the interaction between the two co-axial streams. t' - . a 
consequence of this, the estimated inlet profiles were 

incorrect near the axis of the tube and the predictions 

further downstream did not show any flow reversal. 



o In Task 11, the inlet profiles for the mixing region 

were prescribed from the test data. Even for this 

case, the original K-c model did not predict any recir- 

culation. 

o The modified k-c model predicted a recirculation bubble 

near the axis of the tube in the counterswirl case, 

when the measured velocity profiles were used as input. 

The predicted recirculation bubble was elongated in the 

axial direction. The modified k-E model showed signi- 

ficant improvements over the original k-C model predic- 
tions inside the recirculation zone. The modified k-c 

model failed ts converge for the co-swirl case and this 

highlights the need for further work in this area. 

o The modified 2-D elliptic program predictions for the 

counterswirl case were in agreement with the Cornell 

data. In the proximity of the recirculation zone, 

higher intermittency is expected due to an increased 

turbulence kinetic energy production. In such regions, 

multiple turbulence scales are needed to accurately 

predict the flow field. Hence, the k-c model predic- 

tions is not expected to be accurate in these regions. 

However, the k-c model predictions for axial and tan- 

gential velocities were in agreement with the data 

within a maximum value of about 10 percent of the aver- 

age flow velocity. 

o In the co-swirl case, the modified 2-D elliptic program 

predicted a recirculation bubble, while the measure- 
ments did not indicate any flow reversal. 



\ 

'\ o The 2-D elliptic program is a very useful tool for 
\ 
\ analyzing swirling and recirculation flows. The pre- 
\ dictions are, on the whole, in good qualitative agree- 

ment with available data. Additional experimental mea- 

surements and analytical work are needed to address the 

turbulence model deficiencies. 
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APPENDIX B 
LIST OF SYMBOLS AND ARBREVIATIONS 

C o n s t a n t s  i n  t h e  k-c t u r b u l e n c e  mode l  

E m p i r i c a l  c o n s t a n t  i n  Morse's model 

T u r b u l e n c e  g e n e r a t i o n  term, Eq. ( 6 )  

T u r b u l e n c e  k i n e t i c  e n e r g y  

C h a r a c t e r i s t i c  l e n g t h  scale of t u r b u l e n c e  

S t a t i c  p r e s s u r e  

Radial c o o r d i n a t e  

R a d i u s  a f  c u r v a t u r e  o f  s t r e a m l i n e ,  Eq. (20)  

Curv i  t u r e  R i c h a r d s o n  number,  Eq. ( 2 6 )  

S w i r l  R i c h a r d s o n  number ,  Eq. ( 2 4 )  

S o u r c e  t e r m  f o r  t h e  v a r i a b l e  

A x i a l  component  o f  t u r b u l e n c e  k i n e t i c  e n e r g y  

A x i a l  v e l o c i t y  component. 

R a d i a l  v e l o c i t y  component  

T a n g e n t i a l  v e l o c i t y  component  

A x i a l  c o o r d i n a t e  

E m p i r i c 3 l  c o n s t a n t s  i n  t h e  m o d i f i e d  k-6 model  

Exchange c o e t t i c i e n t  f o r  t h e  v a r i a b l e ,  4, Eq. ( 1 0 )  

T u r b u l e n c e  d i s s i p a t i o n  r a t e  

Von Karman c o n s t a n t ,  0 . 4 1  

Dynamic v i s c o s i t y  

T u r b u l e n c e  (Eddy) v i s c o s i t y  

E f f e c t i v e  v i s c o s i t y  

D e n s i t y  

E£ f e c t i v e  P r a n d t l ,  Schmld t  number f o r  t h e  v a r i a b l e  4 


