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T H E  EFFECT OF I N L E T  C O N D I T I O N S  O N  T H E  P E R F O R M A N C E  A N D  
F L O W F I E L D  S T R U C T U R E  OF A N O N - P R E M I X E D  SWIRL-STABILIZED 

D I S T R I B U T E D  R E A C T I O N  

R.E. CHARLES, J.L. EMDEE, L.J. MUZIO, G.S. SAMUELSEN 
UCI Combustion Laboratory 

Department of Mechanical Engineering 
University of California 

Irvine, California 92717 

A model reactor is used to investigate the extent to which the overall performance and detailed 
flowfield structure of a non-premixed swirl-stabilized distributed reaction are sensitive to mod- 
est changes in inlet conditions (e.g., fuel injection angle, inlet geometry, and swirl vane solidity). 
Measurements of combustor performance are based on exhaust plane species concentration 
profiles (HC, CO2, CO, O2), combustion efficiency, and visual observation of combustor stability. 
The detailed flowfield structure is established by spatially mapping the axial and azimuthal 
velocity fields using two-component laser anemometry, and the temperature field using a ther- 
mocouple probe. The results show that relatively modest changes in inlet conditions can dra- 
matically affect the flowfield structure. As an example, for the model reactor evaluated the 
addition of a small step at the outer boundary of the swirler yields significantly lower centerline 
axial velocities and a more uniform thermal structure in the recirculation zone. Furthermore, a 
modest reduction in swirl vane solidity transforms the aerodynamic structure of the recircula- 
tion zone from an off-axis to a central, on-axis structure. These results explain, in part, the 
contradictory conclusions drawn from data acquired in non-premixed swirl-stabilized distrib- 
uted reactions, and establish that comparisons and generalizations of such flows require, at a 
minimum, (1) careful measurements and specification of the inlet conditions, (2) detailed mea- 
surements of the flow structure, and (3) an assessment of the effects of modest changes in key 
operating and configurational variables. 

Introduction pe r fo rmance  and  s t ruc ture  of  the flowfield. 
T h e  quest ions raised include:  

N o n - p r e m i x e d  swirling flows are found  in 
many  combus t ion  systems, notably,  gas turbines,  
boilers, furnaces,  and  incinerators .  I f  the mixing  
induced  by the swirl is weak, the system behaves 
as a d i f fus ion flame. As the mix ing  increases, the 
flame f ron t  becomes diffuse,  d iv id ing  first into a 
d is t r ibut ion  of  flamelets a n d  finally into a 
spatial ly-distr ibuted reaction.  In  the limit of  
perfect  mixing,  the spatial ly-distr ibuted reac- 
t ion is un i fo rmly  mixed. Reactions in combus-  
t ion systems that are spatially dis t r ibuted are 
classified here,  for convenience ,  as "distr ibuted 
reactions". 

Examples  of  measu remen t s  in dis tr ibuted 
reactions include both  mode l  furnaces  (e.g., 
Reference  1) and  model  gas t u rb ine  combustors  
(e.g., Reference 2). T h e  conclusions d rawn 
f rom studies conduc ted  in such systems are 
regular ly  contradic tory an d  suggest that the 
inlet  condi t ions  (i.e., inlet  flow condi t ions  and  
inlet  reactor  geometry)  dictate the combustor  

�9 Are  the pe r fo rmance  (e.g., combus t ion  effi- 
ciency, stability) and  the flowfield s tructure 
(e.g., ae rodynamic  field, t he rmal  field) sensi- 
tive to relatively modes t  changes  in the inlet  
condi t ions? 

�9 Are  data acquired a n d  conclusions d rawn  
with respect  to n o n - p r e m i x e d  swirl-stabilized 
dis t r ibuted reactions inlet  condi t ion  specific, 
p rec lud ing  general ized in terpre ta t ion?  

This  paper  reports  on  a parametr ic  study 
u n d e r t a k e n  to explore  these quest ions in the 
mode l  reactor p resen ted  in Fig. 1. The  inlet  
condi t ion  parameters  cons idered  include fuel 
loading,  fuel inject ion angle,  fuel injection 
velocity, radial  location of  fuel injection, swirl- 
to-di lut ion air flow ratio, inlet  geometry,  and  
swirl vane  solidity. For  brevity, results are 
repor ted  in the p resen t  pape r  for fuel inject ion 
angle,  inlet  geometry,  a n d  swirl vane solidity. 

1455 
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Background 

Overview 

Non-premixed dis t r ibuted reactions can be 
stabilized by physical bodies such as un- 
shrouded 4 or sh rouded  5 disks, and step expan- 
sions, 6 and aerodynamical ly by swirl, ~ swirl and 
wall-jets, 7 and combinations of  swirl, wall-jets, 
and step expansions, l"s In  all cases, a recircula- 
tion zone is established within which products  
and intermediates are backmixed to combine 
with and ignite the incoming reactants. Atten- 
tion in the present  study is directed to distrib- 
uted reactions that are swirl-stabilized. 

Studies under t aken  to characterize and un- 
ders tand the effect of  swirl on combustion 
per tbrmance and flowfield structure have util- 
ized a variety of  methods  of  making velocity 
field measurements  - physical probes, such as 
pitot probes and hot-wire anemometers  9-]~ 
and, more recently, laser diagnostics such as 
laser anemometry.  ]2-14 To date, tempera ture  
measurements have been made principally with 
thermocouples,  z'14 but  examples usin~ laser 
diagnostics are beginning to appea r . ' -  Flow 
visualization techniques such as neutrally buoy- 
ant helium bubbles, ~ smoke-wires, 11 and high- 
speed c inematography 3 have also been used to 
document  the turbulence structure and flow 
dynamics of  swirling flows. The  parameters  
investigated typically include the effect of  reac- 
tion and swirl strength,  and results are com- 
monly presented in terms of  mean flowfield 
propert ies (i.e., velocity and tempera ture  pro- 
files). However,  select studies have considered 
more detailed structure including turbulence 
intensity, kinetic energy,  Reynolds stress, and 
heat flux. 1'2'3 

Due to the complexity of swirl-stabilized 
distributed reactions, conclusions drawn from 
one study regularly contradict  those of  others. 
As to whether  react ion affects the shape and 
form of  the recirculation zone, results have 
shown both a lengthening,  1 and no change s in 
the size of  the recirculation zone. With respect  
to isotropy, the flowfield has been found to be 
either isotropic s'16 or  anisotropic ~ under  iso- 
thermal conditions. Similar conflicts are re- 
ported for react ing conditions. 1'3 The  effect of  
increasing swirl number  is also mixed, varying 
from a slight increase in the length o f  the 
recirculation zone 17 to a substantial increase, g 

The dichotomy of  these results suggests that 
the per formance  and flowfield structure of  
swirl-stabilized dis t r ibuted reactions are at least 
dictated by the inlet conditions and, in all 
probability, are also sensitive to relatively mod-  
est changes in inlet conditions. 

Present Study 

The present  study addresses the sensitivity of 
combustion per formance  and flow field struc- 
ture to relatively modest  changes in select inlet 
conditions. The  objective is to systematically 
vary parameters  associated with key inlet condi- 
tions, and document  the extent to which the 
parametric  variation affects combustion perfor-  
mance and the aerodynamic  and thermal struc- 
ture of  a part icular  model  laboratory reactor. 
Measurements o f  combustor  performance are 
based on exhaust  plane species concentration 
profiles (HC, CO2, CO, O2), combustion effi- 
ciency, and visual observation of  combustor 
stability. The  detai led flowfield structure is 
established by spatially mapping  the axial and 
azimuthal velocity fields using two-component  
laser anemometry,  and the tempera ture  field 
using a thermocouple  probe.  The  overall goals 
are to provide guidance for assessing data from 
combustion systems with swirl-stabilized distrib- 
uted reactions, and  to assess how (if at all) such 
data can be generalized.  

Experiment 

Reactor 

The model  turbulent  reactor, presented in 
Fig. I and described in detail elsewhere, ;'~ 
consists of  an 80 mm I.D. cylindrical stainless 
steel tube that extends 32 cm from the inlet 
plane of  the reactor.  Flat optical windows (25 
mm x 306 mm) are mounted  perpendicular  to 
the horizontal plane on both sides to provide 
clear, optical access for  two-component  laser 
anemometry  measurements .  For flow visualiza- 
tion, the stainless steel tube is replaced with a 
Kimble glass tube. 

Swirl vanes (57 m m  O.D.) are concentrically 
located within the tube a round  a 19 mm O,D. 

a) ]_ a2~m I 

s T 

L x  ~ - -  C O N E / ~ R  NOZZt.E 

,NOZZLE p 213 �9 b 

2 ] ~ ]  21.1~J 30 ~ 15 ~ 30 ~ 5.4 6.5 

7(; ~ 3~ 70 ~ 5.4 e.7 

FIG. 1. Model Laboratory Reactor. a) Reactor; b) 
Geometrical Details. 
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centrally positioned fuel delivery tube. The  
vanes impar t  an angle of  turn  to the flow, 60 ~ in 
the present  study, with an opt ion for either 
70% or  100% solidity (the percentage of block- 
age or  "see-through" area of  the swirler pas- 
sage). Two inlet plane configurations, obtained 
by changing the step height  (h/H), are accom- 
modated  (Fig. lb). 

Fuel (propane) is in t roduced through a cone 
annular  nozzle at the end of  the central fuel 

de l ive ry  tube. For the present  paper ,  results for 
two angles of  injection (70 ~ and 30 ~ full angle) 
are repor ted .  Geometrical  details are provided 
in Fig. lb. The  two nozzles have an identical 
inner  radius of  injection while the outer  radius 
("b' ,  Fig. lb) is specified to yield an identical 
fuel injection velocity. 

Laser Anemometry 

The  aerodynamic field is established using 
the two-color laser anemomet ry  (LA) system 
described previously. 2'3 Axial and azimuthal 
velocity measurements  are acquired at eight 
axial locations, from 0.5 cm to 24.0 cm 
downstream of  the nozzle (0.06 to 3.0 duct 
diameters),  and at 10 uniformly spaced radial 
locations from the centerline to the outer  wall. 

configurational condit ion as the example. Next, 
results are presented for parametr ic  variations 
on fuel injector angle, inlet geometry,  and swirl 
vane solidity. The test conditions, including the 
values of  the parameters ,  are presented in 
Table I. For all conditions repor ted ,  the reactor 
operates in a steady-state mode with small 
spatial excursions (+ 10%) of  the recirculation 
zone length on the o rde r  of 100Hz. ~ Tabulated 
data sets are available. 2~ 

Basic Flowfield Structure 

The  basic aerodynamic flow structure of the 
reactor is presented in Fig. 2a for an arbitrarily 
selected baseline case (Table I: 70 ~ Nozzle, h/H 
= 0.08, 100% Solidity). Axial radial  profiles are 
shown on the top half  of  the upper  figure, 
while azimuthal profiles appear  on the bottom. 
(For clarity, only select profiles are presented.) 
Also shown is the centerline profile of the axial 
velocity. 

TABLE I 
Parameters 

Parametric 
Parameters Baseline Variation 

Temperature 

The  thermal  field is established using a Type  
R thermocouple  probe moun ted  on a three-axis 
positioning traverse. 18 Mean tempera ture  mea- 
surements are acquired at the same axial and 
radial  positions as the velocity measurements.  
The  data are presented,  uncorrec ted  for radia- 
tion loss, as two-dimensional fields created 
using the post processing capability of  PA- 
TRAN-G (PDA Engineering),  a computer-  
a ided engineering software package. 

Species Concentration 

Combustion gases are sampled and analyzed 
for 02, CO2, CO and hydrocarbons using a 
sample probe and a continuous gas analysis 
system described elsewhere. 19 Species concen- 
trat ion data are taken at the last measurement  
plane (24.0 cm) in the far wake of  the recircula- 
tion zone and at five uniformly spaced radial 
positions from centerl ine to the outer  wall. 

Results and Discuss ion  

Reference Velocity (m/s) 7.5 - -  
Overall Equivalence Ratio (+) 0.3 - -  
Swirl-to-Dilution Air Flow 

Ratio 1.0 - -  
Pressure (atm) 1.0 - -  
Fuel Injection Angle (~ 70 30 
Inlet Geometry (h/H) a 0.08 0.67 
Swirl Vane Solidity (%) 100 70 

a, See Fig. lb for definition 

. Y7  oo,, 
1 4 7 l o  14 2 4 - - -  

AXIAL LOCATION (~ )  

~, LOC&TION (cm) K 

b)  - ~ 1 6 0 0  

1 1 5 0 0  

5 J 1 2 0 0  

800 

, 4 �9 ~o , 4  ~4 300  

The  results section begins with a description 
of  the basic aerodynamic and thermal  structure 
for the reactor using a baseline operat ing and 

FIG. 2, Basic Aerodynamic and Thermal Structure 
(Baseline: 70 ~ Nozzle, 100% Solidity, h/H = 0.08). a) 
Velocity Profiles; b) Streamlines and Temperature. 
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Examination of  the radial  profiles of  axial 
velocity at the 1 cm and 4 cm stations shows that 
a strong zone of  recirculation is formed off-axis 
O.* Examination of  the centerline profile of  
axial velocity reveals a small recirculation zone, 
as well, within the hollow cone of  the fuel 
injector | However,  centerl ine axial velocities 
are generally positive reflecting the diversion of  
a portion of  the fuel je t  to the centerline for this 
set of inlet conditions. 

The mean azimuthal  velocity peak moves 
inward at downst ream locations | as a result of  
1) the mixing and dilut ion of  the swirl velocity 
with the dilution stream, 2) the swirling inlet air 
that flows initially out and a round  the recircula- 
tion zone and then collapses toward the center- 
line downstream, and 3) conservation of  angu- 
lar momentum in the radially inward flow. 

Lines of constant stream function (Fig. 2b), 
obtained by radially integrat ing the profiles of  
mean axial velocity, 3 illustrate the form of  the 
"time-averaged" flowfield and clearly delineate 
the length and radial  extent  of  the recirculation 
zone @. Fur ther  evidence of  off-axis recircula- 
tion is given by the mean thermal field where 
the peak tempera tures  coincide spatially with 
the recirculation zone | Downstream of  the 
recirculation zone, the temperatures  peak at 
the centerline within a spiralling core which 
extends to the exit of  the combustor @. 

The concentration profiles (not presented 
for brevity) reflect the wake region tempera-  
ture data with the CO2 concentrations highest 
on the centerline and the hydrocarbon and Oz 
concentrations increasing radially outward 
from the centerline. In  the wall region where 
the flow is dominated  by the cool dilution air, 
the hydrocarbon concentrations are slightly 
elevated and the CO2 concentrations are at a 
minimum. These  results suggest that a port ion 
of the fuel is t ranspor ted  to and quenched in 
the wall region. 

Due to the large cross-sectional area repre-  
sented by the outer  flow region, the combustion 
efficiency is sensitive to and limited by the value 
of  the hydrocarbon concentration at the wall. 
As a result, combustion efficiencies do not 
exceed 94% and, for the parametric  analyses 
conducted in the present  study, do not fall 
below 84%. The  highest combustion efficiency 
(93.6%) occurs for the baseline condition. 

Changes to the inlet conditions that affect the 
parti t ioning of  fuel likely control the combustor  
performance and structure of  the flow. The  

parameters selected for variation in the present  
study are based on the extent to which each is 
likely to influence the mixing of  fuel and air. 

Parametric Variation 

Fuel Nozzle Angle. A decrease in fuel nozzle 
angle to 30 ~ yields the same general  structure of  
the velocity field as that  of  the baseline condi- 
tion. However,  one notable exception occurs 
for the 30 ~ nozzle. The  centerline axial velocity 
is higher immediately downstream of  the nozzle 
(Fig. 3a) reflecting the t ransport  of  more fuel 
along the centerl ine than in the case of  the 70 ~ 
nozzle O. 

The general  s t ructure of  the tempera ture  
field is also similar for both nozzle angles with 
two notable exceptions (Fig. 3b). First, the 
temperatures  in the recirculation zone for the 
30 ~ nozzle are noticably lower reflecting a zone 
of  lower stoichiometry Q. Second, the center- 
line tempera ture  is suppressed near  the nozzle, 
corresponding to a fuel enriched core | As a 
result, the centerl ine values of  carbon dioxide 
are lower and the carbon monoxide values are 
higher for the 30 ~ nozzle. Not only is the 
combustion more  complete  along the centerline 
of  the reactor for the 70 ~ nozzle, but the 
hydrocarbon concentrat ion in the wall region is 
substantially lower. The  latter result is attri- 
buted to the more  complete  oxidation of  the 
fuel processed th rough  the recirculation zone. 
Hence, the combustion efficiency for the 70 ~ 
nozzle is significantly h igher  (the highest for 
the conditions evaluated) than that of  the 30 ~ 
nozzle (the lowest for the conditions evaluated). 

Inlet Geometry. The  centerline axial velocity 
and tempera ture  profiles for the change in inlet 
geometry are presented  in Figure 4. This 

a) 

0 20 22 2"4 
AXIAL LOCATION (cm) 

b) 

*Circled numbers refer to circled locator points in 
the figure. 

Fro. 3. Nozzle Injection Angle (213 =30 ~ 70~ 100% 
Solidity, h/H = 0.08). a) Centerline Velocity Profile; 
b) Temperature. 
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a) 

l . . . . . . .  ~ f . . . . . . .  j 

0 6 8 10 12 14 16 18 20 22 2~4 
~: AXIAL LOCATION (cm) 

b) 

FIG. 4. Inlet Configuration Change (h/H = 0.08, 
0.67; 70 ~ Nozzle, 100% Solidity). 
a) Centerline Velocity Profile; b) Temperature. 

modest  geometrical change produces a signifi- 
cant effect on both the aerodynamic  and ther- 
mal fields. First, the centerl ine axial velocities 
(Fig. 4a) are substantially lower with the inlet 
geometry change O, indicating that the center- 
line penetra t ion of  fuel is suppressed.  Second, 
the tempera ture  field for this case (Fig. 4b) 
shows that the tempera tures  are more uniform 
within the recirculation zone than for the 
baseline condition. As a result, the uniformity 
of  tempera ture  at the exhaust  plane is im- 
proved with the geometry change (Z). This is a 
direct result of  the re tent ion and more effective 
processing of  fuel within the recirculation zone. 
The  combustion efficiency for this condition 
(90.1%) is comparable to, but  lower than, that 
of  the baseline case (93.6%) 

For the 30 ~ nozzle, a change in the inlet 
geometry also results in lower centerline veloci- 
ties. The  change is less dramatic,  however, than 
that observed for the 70 ~ nozzle. 

Swirl Vane Solidity. Figure 5 presents the 
velocity data document ing  the effect of  a 
change in swirl vane solidity. Reducing the swirl 
vane solidity from 100% to 70% dramatically 
affects the aerodynamic structure of  the flow- 
field. First, a long on-axis recirculation zone is 
induced which extends f rom the nozzle face to 
6 cm downstream of  the inlet plane (Z). Second, 
the azimuthal  velocities are significantly lower 
throughout  the flowfield Q. The  thermal field 
(not shown due to space limitations) is changed 
as well in the recirculation region where the 
temperatures  are much lower with the reduced 
solidity vanes. These dramat ic  differences in 
the "dome" region notwithstanding,  the tem- 
pera tu re  profiles are  similar in the wake of  the 
recirculation zone, and the combustion effi- 
ciency is slightly lower for the 70% solidity 
vanes (92.1% compared  to 93.6% for the 

~ "2 4 
j ~  J . ~ - ~ 6  S 10 12 ~4 ~e l a  ~o 22 24 
�9 d' AXIAL LOCAT~N (m) .~-,oJ' Q 

1 4 7 10 14 24 

F[G. 5. Solidity Change (70%, 100% Solidity; 70 ~ 
Nozzle, h/H = 0.08). 
a) Velocity Profiles; b) Streamlines. 

baseline case). Similar effects are observed with 
the 30 ~ nozzle and 70% vanes 

The  generation of  an on-axis recirculation by 
a reduction in swirl vane solidity does not agree 
with intuition. A reduced  solidity should trans- 
late into a reduced swirl number  and, hence, a 
reduced potential for inducing on-axis recircu- 
lation. An explanation in the present case for 
this apparen t  dichotomy is found in the axial 
velocity profile at 1 cm (Fig. 5a) @. Note the 
high value of  axial velocity immediately 
downstream of  the swirler inner  radius. (This is 
the location within the swirler where the "see- 
through" area is a maximum.)  This high axial 
velocity stream (note the relatively low azimu- 
thal velocity associated with this stream) creates 
a recirculation in the dump  plane of the fuel 
delivery tube. Hence, the performance and 
flowfield structure of  the reactor  in this case are 
dominated  not by the swirl, but by a bluff body 
stabilized recirculation. 

Conclus ions  

An investigation into the effects of  inlet 
conditions on the overall performance and 
detailed flowfield structure of  a model reactor 
was conducted�9 Parameters  included fuel injec- 
tion angle, swirl vane solidity, and inlet geome- 
try. A step added  at the inlet plane effectively 
increased the area into which the swirling air 
could expand,  and resulted in lower centerline 
axial velocities and a significantly t ransformed 
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thermal  field. A d ramat i c  effect  also resul ted  
f rom a decrease  in the  solidity o f  the swirl vanes 
where the rec i rcu la t ion  was t r ans fo rmed  f r o m  
an off-axis to an on-axis  s tructure,  and the 
mode  of  stabilization was t r ans fo rmed  f r o m  a 
swirl induced  to a b lu f f  body induced  recircula-  
tion. T h e  fo l lowing conclusions are  d r awn  f r o m  
the present  study: 

1. T h e  p e r f o r m a n c e  and flowfield s t ruc ture  
o f  swirl-stabilized d is t r ibuted  reactions are  sen- 
sitive to relatively m o d e s t  changes in inlet  flow 
condit ions and  reac to r  configurat ion.  

2. Use o f  da ta  acqu i red  f rom such devices 
requires,  at a m i n i m u m ,  a careful  and deta i led  
del ineat ion o f  inlet  flow condit ions and  reac tor  
geometry.  

3. T o  c o m p a r e  da ta  f rom such systems and  
formula te  genera l iza t ions  on swirl-stabilized 
distr ibuted react ions,  the  data  should inc lude  
detailed m e a s u r e m e n t s  o f  the flowfield struc- 
ture and a sensitivity analysis o f  key ope ra t ing  
and conf igura t ional  variables, such as: fuel  
injection specifications, m e t h o d  o f  swirl pro-  
duction,  and inlet  r eac to r  geometry.  
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COMMENTS 

j .  Swithenbank, Sheffield University, UK. It would 
appear your swirl vanes are partially stalled, espe- 
cially at low blockage. Did you measure the swirler 
pressure drop for each configuration and if so, how 
did they compare? 

Author's Reply. A flat-vane swirler was selected to 
represent designs preferred in practical applications. 
As a result, both the 70% and 100% vanes likely 
perform under stalled conditions. For the operating 
conditions reported (Vrr = 7.5 m/s, swirl-to-dilution 
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air ratio, S/D = 50/50), the swirler pressure drops  are 
30.7 mm H20 and 169.4 mm HzO for the 70% and 
100% vanes, respectively. 
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Karim A. Hirji, Imperial College, England. Since one 
o f  your  objectives was to compare  your results with 
those repor ted  in the l i terature and to identify inlet 
parameters  which influence the  structure o f  swirl- 
stabilized flow, could you please comment  why "swirl 
solidity" ra ther  than swirl n u m b e r  (used extensively 
in the past and present  l i terature) has been employed 
to relate your results? Could you please explain the 
reason for your choice for  the type o f  swirl generator  
employed? Please conf i rm if fully turbulent  inlet 
Reynolds numbers  were used th roughou t  the study? 

Author's Reply. A compar ison o f  our  results with 
previous studies was not  the intent  o f  the present  
study. Those  conduct ing exper imenta l  and model ing 
studies o f  elliptic flows have recognized and repor ted  
the likely dependence  o f  flowfield structure on inlet 
conditions. However,  results to date are typically 
r epor ted  for one  configurat ion and,  at the most, a 
few disparate  operat ing condit ions.  Studies repor ted  
in the li terature have not  included sensitivity analyses 
of  flowfield s tructure to inlet conditions. Hence,  
ra ther  than compar ing  our  results, our  goals were to 
documen t  the importance  o f  a sensitivity analysis, and 
to ascertain whether  sensitivity analyses are necessary 
(1) to in terpret  the results (as the example with the 
70% solidity vanes demonstra te) ,  (2) to generalize the 
results, and (3) to remove the apparen t  contradictions 
in conclusions that  are regularly r epor ted  for swirling 
flows. 

T h e  swirl numbers  for  the vanes employed in this 
study are 0.82 for the 70% vanes and 1.27 for the 
100% vanes when integrated across the swirl vanes. 
Al though the lower swirl n u m b e r  (associated with 
lower solidity vanes) suggests a lower tendency 
toward on-axis recirculation, jus t  the opposite occurs. 
T h e  swirl number  is there fore  misleading in the 
p resen t  case and does not  explain the observed 
differences in flowfield s t ructure  with the two vanes. 
Instead,  it is the distribution o f  blocked area that 
results in the t ransformat ion f rom an off-axis, swirl- 
stabilized reaction (baseline condit ion,  100% vanes) to 
an on-axis, bluff-body stabilized reaction (70% vanes). 
The  flowfield s tructure is thus governed,  in this case, 
by the distribution o f  the blocked area in the swirler 
and not  by the swirl number .  

With respect  to the swirl genera to r  type, the swirl 

generators  were des igned to represen t  practical com- 
bustor  vanes with the added  features of  thin blades to 
minimize wake effects. 

The  duct "Reynolds number"  is - 38,000 based on 
the  bulk cold flow (reference) velocity and duct 
diameter.  Evidence that  the inlet flow is "fully 
turbulent"  is the insensitivity o f  the recirculation zone 
geometry to changes in re ference  velocity. 

Wolfgang Leuckel, Universiti~t Karlsruhe, West Ger- 
many. Apart  from the fuel injection angle, fuel 
injection velocity or m o m e n t u m  is an important  
parameter  for mixing and ignition stability in swirl- 
stabilized flames. Has the fuel m o m e n t u m  been 
varied and, if so, which range o f  fuel exit velocity has 
been covered? 

Author's Reply. T h e  evaluation of  fuel injection 
m o m e n t u m  was limited to one  test with the 100% 
solidity vanes. A 70 ~ nozzle was constructed with the 
same inner  radius (a, Fig. 1) but  twice the area o f  the 
baseline 70 ~ nozzle. Hence,  for a fixed fuel mass flow 
rate, the averaged injection velocity was 50% less than 
the baseline value o f  12.2 m/s. No significant differ- 
ences between the two nozzles were observed in the 
axial and azimuthal velocity profiles. T h e  two-dimen- 
sional mean tempera ture  field yielded a small differ- 
ence, with the high t empera tu re  region in the 
recirculation zone slightly larger for the lower veloc- 
ity nozzle. Hence,  the fuel je t  m o m e n t u m  did not play 
a significant role in de te rmin ing  the flowfield struc- 
ture for the operat ing condit ions considered.  In 
follow-up work, the velocity will be increased to 200% 
of  the baseline velocity with the same mass flow rate. 
A more  significant effect  is expected  to result f rom 
this variation. 

N. Shah, Rolls Royce, UK. What  were the effects on 
efficiency? 

Author's Reply. T h e  baseline condit ion (70 ~ nozzle, 
100% vanes, + = 0.3, h/H = 0.08) yielded the highest 
combustion efficiency (93.6%). T h e  lowest efficiency 
(84.5%) occurred for the 30 ~ nozzle (100% vanes, ~b = 
0.3, h/H = 0.08). T h e  efficiencies for the remaining 
two conditions varied only slightly from the baseline 
with 92.1% for the inlet geometry  change (70 ~ nozzle, 
100% vanes, ~b = 0.3, h/H = 0.67), and 90.1% for the 
70% solidity swirl vanes (70 ~ nozzle, + = 0.3, h/H = 
0.08). A full complement  o f  exhaust  species concen- 
tration profiles are  available. 1 
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