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The effects of  swirl intensity on non- reac t ing  and reacting flow characteristics in a flat flame 

burner (FFB) with four types of  swirlers were investigated. Experiments  using the PIV method 

were conducted for several flow condi t ions  with four swirl numbers of  0, 0.26, 0.6 and 1.24 in 

non- reac t ing  flow. The results show that the strong swirling flow causes a recirculation, which 

has the toroidal  structures, and spreads above the burner exit plane. Reacting flow charac- 

teristics such as temperature and the NO concentrat ions were also investigated in compar ison 

with non-reac t ing  flow characteristics. The mean flame temperature was measured as the 

function of  radial  distance, and the results show that the strong swirl intensity causes the mean 

temperature distr ibut ions to be uniform. However  the mean temperature distr ibutions at the 

swirl number  of  0 show the typical distr ibution of  long flames. NO concentrat ion measurements 

show that the central toroidal  recirculation zone caused by the strong swirl intensity results in 

much greater reduct ion in NO emissions, compared  to the non-swir l  condit ion.  For  classific- 

ation into the flame structure interiorly, the turbulence Reynolds  number  and the Damkoh le r  

number  have been examined at each condit ion.  The interrelation between reacting and n o n -  

reacting flows shows that flame structures with swirl intensity belong to a wrinkled l aminar -  

flame regime. 

Key W o r d s :  C T R Z  (Central  Toro ida l  Recirculat ion Zone) ,  Damkohle r  Number ,  F F B  (Flat  

F lame  Burner) ,  PIV (Particle Image Velocimetry) ,  Swirl, and Turbulence  

Reynolds  Number  

Nomenc la ture  
D : Throa t  diameter  [m] 

Da : Damkohle r  number  

Rex : Turbulence  Reynolds  number  

* Corresponding Author. 
E-mail : changyj @ pusan.ac.kr 
TEL : -t-82-51-510-2332; FAX : +82-51-512-5236 
School of Mechanical Engineering, Pusan National 
University, 30 JangJeon-Dong, KumJung-Ku. Pusan 
609-735. Korea. (Manuscript Received March 13, 2003; 
Revised January 8, 2004) 

SN : Swirl  number  

SL : Laminar  flame velocity [m/s]  

U : Radial  component  of  mean velocity [m/s ]  

Uavg: Mean velocity in throat [m/s ]  

V : Axia l  component  of  mean velocity [m/s ]  

x : Radial  distance [m] 

y : Axia l  distance [m] 

a : Thermal  diffusivity ~mZ/s] 

ar : Ratio o f  the nozzle to the vane hub dia- 

meters 

/1 ; Ai r  excess ratio 
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z'/iow : Ratio of a characteristic flow time Is] 

Vchem : Ratio of a characteristic chemical time Is] 

l0 : Integral length scale ~m] 

U~s : Turbulence intensity 

ub : Kinetic viscosity coefficient ~mZ/s] 

8L : Laminar flame thickness [m] 

0 : Vane angle [degree] 

I. Introduct ion  

Recently, the developments of high efficiency 

and low pollution combustion technology have 

been required for combustion systems to have 

regions where the flow is highly turbulent and 

recirculating (Gupta et al., 1984). Various turbu- 

lence generators such as a swirler have been 

employed over the years by researchers to ensure 

quick fuel-air mixing and to enhance flame sta- 

bilization resulting in improved combustion effi- 

ciency, a wide operating range, and reduction 

of pollutants (Choi et al., 2001: Ralph et al., 

1999). 

Swirling flows are utilized in a variety of 

practical applications. The use of proper swirl 

for flame stabilization has been common in gas 

turbines, dump combustors, and industrial furn- 

aces (Lefebvre et al., 1983 ; Buckley et al., 1983 ; 

Hoffilaann, 1998). The general effects of swirl on 

flow structure have been known and evaluated for 

many years. 

The experimental and theoretical studies relat- 

ed to swirl have been actively carried out, and 

interesting studies have been continuously report- 

ed. These results show that in strongly swirling 

flow, the radial and axial pressure gradients are 

large enough to cause the flow to recirculate, 

which stabilizes the flame by matching the flame 

speed with flow velocity and returning hot com- 

bustion products and active chemical species re- 

quired for ignition back to the flame front. 

Flame shape, stability, and temperature distri- 

butions of swirling flow are affected by the geo- 

metrical structure, the fuel and air mixing and 

flow characteristics. For combustion applica- 

tions, one of the most significant and useful phe- 

nomena of swirling flow is the recirculation 

zone generated by a swirler. This recirculation 
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zone causes NO emissions to decrease and the 

temperature distributions to be uniform. Many 

researchers have studied flame stability and com- 

bustion structure. However, factors affecting the 

existence, size and shape of a central toroidal 

recirculation zone (CTRZ) have yet to be quan- 

titatively known with certainty. Detailed knowl- 

edge of swirling flows and flames is required lbr 

proper design and performance control of gas 

turbines and combustors. 

Several studies of swirling flows have been 

reviewed and increased the understanding of 

such a complex flowfield by the following res- 

earchers. Gupta et a1.(1984) showed that the use 

of a swirling flow obtained with a swirl generator 

improves flame stability in a combustion chamber 

by lbrming a toroidal recirculation zone, and that 

flame length can also be reduced, and that flow 

mixing is enhanced, particularly in the shear layer 

region. Burckley et a1.(1983) showed the effect 

of different swirlers on the efficiency and pres- 

sure recovery of a dump combustor. Mathur et al. 

(1976) demonstrated that strongly swirling air 

generates a recirculation zone at the combustor 

center using a spherical pitot tube. Lee et al. 

(1996) observed that axial components of mean 

velocity increase as long as the angle of the throat 

becomes expanded. Chigier et a1.(1979) used a 

five-hole spherical impact probe to study an ax- 

isymmetric turbulent single swirling jet flow and 

confirmed that a vortex was formed in the boun- 

dary layer of the mixing area. Recently, researc- 

hes for the swirling and recirculating flow have 

been carried out using the LDV (Laser Doppler 

Velocimetry) method in one dimensional form 

(Hall, 1972: Chaturvedi, 1963: Stephan et al., 

1995; Saad et al., 1998), smoke visualization 

(Ryan et al., 2001), and PDPA (Phase Doppler 

Particle Analyzer) for such qualitative analysis 

as mean velocities and turbulence intensities (Lee 

et al., 2002). 

As described above, in modern combustors, 

swirl is commonly used to produce high entrain- 

ment rates and fast mixing and to enhance the 

flame stability. However, combustors with the 

swirler and round type throat have ever been 

rarely reported in the literature. Therefore, we 
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have conducted the present research in order to 

report detailed experimental  database regarding 

to the FFB, which has a swirler and an expand- 

ed throat, and to understand the behavior  of  

recirculating turbulent flows. For  the quanti ta-  

tive analysis of  the F F B  with a swirler, the pre- 

sent experimental  study is carried out for the 

investigation of  non- reac t ing  flow characteris- 

tics using the particle image velocimetry tec- 

hniques (Adrian,  1991 ; Lee, 1999 ; Chang,  1985 ; 

Armst rong et al., 1992) and the reacting flow 

characteristics ill terms of  flame shape, flame 

stability, mean temperature distributions and 

NO emissions. Through  these, a l though the PIV 

measurement  in non- reac t ing  flows can not be 

directly linked to the corresponding the reacting 

flows, the relations between those flows can be 

understood. The  objectives of  this study are to 

understand flow characteristics with respect to 

the increase of  swirl number  and to enable the 

future design of  a c lean-burn ing  practical com- 

bustor which takes advantage of  the reduction of  

NO emissions. 

2. Experimental 
Apparatus and Procedures 

The geometry of  the combustor  is schematic- 

ally displayed in Fig. 1. For  non reacting flow 

measurements the test section ( 109 (W) X 109 (H) 

ram) of  the FFB was placed in the lateral hal f  

section of  the combustor.  The diameter  of  the 

combustor  is gradual ly expanded from the throat. Fig. 1 

The fully expanded diameter  of  the FFB is 246 

mm, the diameter  of  the burner  throat is 34 ram, 

and the radius curvature is 56 ram. 

The experiment was performed in the F F B  with 

four axial swirlers with vanes and an expanded 

throat. The four swirl vane inserts were labeled 

1.24. 0.6, 0.26, and non-swir l  respectively corre- 

sponding to 60, 40, 20 and 0 degrees in terms of  

vane angles. The swirl number  (SN) is defined as 

a non-d imens iona l  number  representing the axial 

flux of  tangential  momentum divided by the axial 

flux of  axial momentum (Gupta et al., 1994; 

Stephan et al.. 1995). The SN of  the four inserts Fig. 2 

can be calculated using the fol lowing equat ion : 
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2 tan 0 1 --d3r 
S N -  (1) 

3 1 - ~  

Figure 2 shows the schematic of  the PIV system 

arrangement installed for the experiment of  non-  

reacting flow characteristics. A N d :  Y A G  laser 

and a C C D  camera are synchronized to a pulse 

generator. Olive oils with the average diameter  of  

2,um were seeded into flow to scatter the laser 

light. The  calculat ion of velocity vector took 

advantage of  two frame cross correlations.  The 

interval between two frames is 160 ,us, and fiames 

overlap each other 50% by 2 4 •  pixels. In this 

experiment,  digital pixel images were generated 
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~ - ~  Recirculation 
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i i ~,,~---- Swirler 

tttA,, 
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Schematic of experimental apparatus using 
PIV system 
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through a frame grabber in a personal computer. 

1000 images were captured at each condition. 

Experimental conditions are as follows: volu- 

metric flowrate 48 l /rain,  mean velocity in throat 

15.5 m/s, and Reynolds number about 2000. In 

order to examine flow characteristics with swirl 

numbers, the velocity distributions and the strea- 

mlines were investigated in the test section. 

Figure 3 is the experimental setup for inves- 

tigating reacting flow characteristics with swirl 

numbers. The combustor is installed inside the 

combustion furnace that is insulated by the heat- 

proof quality of  the material (100 mm thickness) 

to endure high temperature. The temperature is 

measured using R-type thermocouples, and a 

gas analyzer (KM-9106) with an electro-chemi- 

cal sensor is used for NO emission analysis. 

Domestic LPG is used as fuel. 

For examining the reacting flow characteris- 

tics, b low-off  limits for the combustion flame 

were measured according to each swirl number in 

the air excess ratio of 1.0 under both atmospheric 

and furnace conditions, and the air for combus- 

tion is provided under the room temperature con- 

dition. The mean temperature distributions at the 

Blower 

LPG 

Fig. 3 Schematic of experimental apparatus for 

combustion 

position of 0, 20, 40, 60, 80 and 100 mm in the 

radial direction in the height of  30 mm from the 

burner throat were acquired under a confined 

combustion furnace. They were measured by an 

R-type thermocouple. 

Table 1 shows the operating conditions for 

non-reacting and reacting flow experiments. 

Non-reacting flow was measured using the PIV 

system which is non-intrusive technique for each 

swirl number. The flowrate provided through 

the burner throat was 48 / /min,  which corres- 

ponds to a combustion thermal load of 2600 kcal/  

hr in reacting flow conditions. The experimental 

conditions of reacting flow, such as blow off, 

temperature and NO emissions, were showed in 

Table 1. NO emissions were measured for each air 

excess ratio (/t=0.9-1.3) with each swirl number. 

These experiments bring focus on research for a 

correlation between the reacting and non-reacting 

combustion characteristics using FFB configura- 

tion under the same experimental condition. Es- 

pecially, the practical combustor model with a 

swirler, having a round type unlike an annular 

combustor of general type, was experimentally 

considered for non-reacting flow structure and 

reacting flow characteristics in the present study. 

3. Results  and Discussions 

3.1 Non-react ing flow 

3.1.1 Turbulent f low pattern 

For the better understanding of the flow pat- 

terns in a swirling flowfield, detailed measure- 

ments were made in the test sections. Here, the 

results are only presented for the lateral half 

section of the combustor due to resolution limi- 

tations. 

Table Operating conditions for flow and combustion experiments 

Flow (PIV) Combustion 

Velocity Blow-off Temperature NO 

Combustion Load 2600 2600, 3900, 2600 2600 
(Kcal/hr) (=48 //min) 5200, 6500 

Air Excess Ratio (20 1.0 1.0 1.2 9, 1.0, 1.1, 1.2, 1.3 

Swirl Number (S) 0, 0.26, 0.6, 1.24 
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Figures 4 ( a ) -  (d) show the contour  plots of  

the stream function for non-swi r l ing  and swirling 

f lows ;  swirl number  of  0, 0.26, 0.6 and 1,24 

respectively in the turbulent flow field. The dis- 

tances of  radial  direction (x /D)  and axial direc- 

tion (y /D)  are respectively defined as the actual 

value divided by that of  throat  diameter  (D) .  

As can be easily shown from the contours  of  the 

stream function, the flows generate a C T R Z  in the 

swirl ing case. F rom the results o f  the swirl num- 

ber of  0 in Fig. 4(a) ,  the main flow goes straight 

ahead such as the flow of bunsen burner  without 

a swirler. These results are in good agreement 

with those found in convent ional  literature. In 

case of  the swirl number  of  0.26 in Fig. 4(b) ,  

main flow is moving  along the burner  tile, and 

recirculated air is shown to be inflowed into the 

center of  burner,  which is induced from the nega- 

tive pressure in the center part. The boundary 

between the main and recirculating flow and a 

vortex also begin to appear. In spite of  lower 

swirl intensity, the recirculat ion zone, which rev- 

eals that radial momentum is more dominant  than 

axial one, shows. In Fig. 4(d) ,  the width of  the 

main flow, which is switched over  to radial 

momentum by high swirl intensity, becomes nar- 

row because the radial velocity gradual ly 

increases. These results were identified in the 

radial velocity profiles in Fig. 5. 

Consequently,  the strong swirling flow at swirl 

number  1.24 possesses sufficient axial pressure 

gradients to cause a CTRZ.  The strong swirl 
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Fig. 4 Streamlines from ensemble averaged velocity in x-y distance ratio field with S=0,  0.26, 0.6 and 1.24 
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causes the main flow to prevail  in front of  the 

tile. Fur thermore,  the recirculation zone forms 

widely at the center o fcombus tor .  In addit ion,  the 

flame temperature and NO emission decrease due 

to an increasing recirculated air from the reacting 

flow characteristics. 

3.1.2 P r o f i l e s  of  m e a n  radial  and a x i a l  ve-  

l oc i t i e s  

The mean velocity profile measurements o f  the 

F F B  were made with a PIV system to examine 

non reacting flow characteristics. Figures 5 (a) 

(d) show the normalized radial mean velocity 

profiles at x / D =  1, 1.5, 2 and 2.5 respectively for 

three swirl numbers except swirl number  0. The 

relative velocity ( U / U a v g  and V /Uavg)  are nor- 

malized by the calculated mean velocity (Uavg) 

in the throat. The radial velocity values are nega- 

tive indicating the inward flow direction due to 

t h e  flow reversal. On the other hand, the values 

outside that region are positive indicating the 

outward flow direction due to the expansion of  

the flow. 

Figure 5 (a) shows that radial mean velocities 

are overall  negative values at x / D  = I (correspon- 

ding to 34 mm distance from the center of  the 

burner).  The negative values mean that the sur- 

rounding air is recirculated in the central part of  

the burner. The negative magnitudes of  velocity 

at the swirl number  of  1.24 are higher than those 

at any other swirl numbers. As the swirl number  

increases, the turning point  from negative to pos- 

itive value moves upstream. Figure  5(b) shows 

that the maximum velocity in the radial direct ion 

has approximately  0.65, and the maximum nega- 

tive velocity has --0.1 at the swirl number  of  1.24. 

Figures 5 (c) and (d) show that the radial veloci- 

ty decreases close to the burner tile. These resuhs 
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are probably caused by a boundary layer between 

the tlow and the burner tile. 

Figures 6 ( a ) ~ ( d )  show the normalized axial 

mean velocity profiles at y / D = l ,  1.5, 2, and 2.5 

respectively for three swirl numbers except swirl 

number  0. The axial velocity (V) is normalized 

by the throat exit velocity (Uavg) .  Far  down-  

stream and away from y / D = 0  the axial velocity 

increases in negative values at the same swirl 

intensity, and the axial velocity is approximately 

constant for a certain radial distance. Figure 6 

(a) shows that the axial velocity is negative, 

especially the maximum axial velocity is --0.4 

at the swirl number  of  1.24. These negative veloc- 

ities mean that pressure gradient causes the Ilow 

to recirculate in the swirling flow. Such results 

can yield insight into reacting flow structure 

(such as the size and shape of  a recirculation 

zone) .  This C T R Z  generated at the center of  the 

burner promotes the mixing of  fuel-air  for more 

complete combust ion and stabil ization by recir- 

culating the hot combust ion products (Gupta,  

1984). 

3.1.3 Turbu len t  q u a n t i t i e s  

The radial profiles of  turbulent properties ( root 

mean square, rrns) for the several values o f x / D  

are shown in Figs. 7(a) ~ (d). As can be seen in 

Fig. 7, the profiles of  the radial mean velocity and 

the radial turbulence intensity are lhirly similar 

each other except for the case of  x / D = l .  Espe- 

cially, for the posit ion of  x / D = l ,  which is close 

to the center, the radial turbulent intensity is 

different within y / D - - l . 5  in Fig. 7(a) in com- 

parison with the radial mean velocity. It means 

that the negative radial mean velocity, recir- 

culated into the center region, has the strong 

turbulent intensity. For  the position of  x / D = l . 5 ,  

the radial rms values, representing the intensities 

of  turbulent fluctuations, have the maximum val- 

ue ot"0.47. The radial rms values decay, especially 

away from the center ( x / D = 2 . 5 ) ,  which may be 
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caused by the reduction effect of the swirling 

momentum. These results, similar to the velocity 

results presented in the previous section, show 

that it becomes evident that the increase of swirl 

number at a fixed position causes additional tur- 

bulent intensity. 

The axial profiles of turbulent properties for 

the several values of y/D are shown in Fig. 8. 

The results reveal markedly different distribu- 

tions among the axial distances. At the position 

of y / D =  1, the axial rms values are higher than 

those in the other axial distances. These values 

continue to diminish in magnitude further down- 

stream in the flow, where y/D increases. Further 

increasing swirl number, the axial rms values 

increase, and the maximum axial rms values are 

also slightly shifted outward spatially. At the 

position of y / D =  1, the maximum axial rms value 

of 0.22 occurs at x /D=2 .5  for the swirl number 

of 1.24. From these results, it is apparent that 

the radial and axial rms fluctuations are more 

affected by stronger swirl numbers. 

3.2 Reacting flow 

3.Z.1 Flame images and blow-off limits 

Figure 9 shows flame images obtained from 

each swirl number at the combustion thermal 

load of 2600 kcal/hr, with the air excess ratio of 

1.0. For the case of non-swirl  number in Fig. 9 

(a), the flame shape is conical and the flame 

propagates straight in the axial direction with 

the typically same shape of non-premixed flame. 

The conical shape is similar to the streamline 

distribution obtained by non reacting flow ima- 

ges using the PIV system. These results were 

expected by conventional literature reported that 

the axial kinetic momentum dominates in the 

same type burner. Figure 9(b) shows the flame 

image with the swirl number of 0.26. The flame 
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length is shorter than that of the non-swirl  num- 

ber;  however, the flame width becomes broader. 

This means that partial axial kinetic momentum 

converses the radial one by the swirler on the 

basis of non-reacting flow images. Figure 9 (c) is 

the shape of flame at swirl number 0.6. The flame 

develops more in the radial direction than when 

the swirl number is 0.26, and begins to be flat. 

Figure 9(d) shows the flame image at the swirl 

number of 1.24. The flame is thin and fully 

develops along the burner tile, and it maintains 

flat flame. The characteristics of reacting flow 

are equal with non-reacting flow characteristics. 

It appears that the non reacting flow charac- 

teristics have a dominant effect on reacting flow 

characteristics. 

The blow-off limits under atmospheric and 

furnace conditions have been measured for vari- 

ous combustion thermal loads and four swirl 

numbers. Through those experiments, we found 

that flame characteristics depend on the combus- 

tion thermal loads, the intensity of swirl and the 

experimental condition under furnace and atmos- 

pheric. Figure 10(a) shows the blow-off limits 

under the atmospheric conditions. One interes- 

ting finding is that the blow-off limits are highest 

when the swirl number is 0.26 at the same com- 

bustion thermal load. It can be deduced that the 

combustion has a proper mixture between fuel 

and air because of the reasonable recirculation 

zone. As the swirl number, except for the case of 

swirl number 0.26, increases, the blow-off limits 

decrease. These results probably are because the 

flame is cooled by entrained air caused by nega- 

tive pressure formed at the center region of the 

burner. Figure 10(b) shows the blow-off limits 

under the furnace conditions. The blow-off limits 

under the furnace conditions without the in- 

flowing of external air are lower than those under 

the atmospheric conditions as a whole. The trend 

of blow-off limits under furnace conditions is 

similar to that under atmospheric conditions ex- 

cept for the combustion thermal load of 6500 

kcal/hr. At the combustion thermal load of 6500 
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kca l / h r ,  the b l o w - o f f  l imits under  furnace con-  

d i t ions  increase with the swirl  number .  It is 

thought that this effect is probably caused by the 

persistent supply of a necessary heat source and 

enough chemical species flowing into the recir- 

cula t ion  zone ra ther  t han  the coo l ing  effect of  the 

swirl number .  

3.2.2 Profiles of mean temperature 

Figure 11 shows the distribution of mean tern- 

Fig, 9 Photographs of flame shapc with S : 0 ,  0.24, 0.6 and 1.24 
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perature at the combust ion  thermal load of  2600 

kca l /h r  with the air excess ratio of  1.2 under 

furnace conditions.  As shown in Fig. 11, the mean 

temperature dramatical ly  decreases with the radi- 

al posit ion for the swirl number of  0. This was 

anticipated from the flame image and charac- 

teristics of  non-reac t ing  flow using the PIV sys- 

tem. At the swirl number  of  0.26, the mean tem- 

perature profiles appear uniform until x / D = 1 . 2  

(corresponding to radial  distance of  40 mm),  

and the temperature falls rapidly after x / D =  1.2. 

Compared  to the broadness of  the swirl number  

of  0, the broad mean temperature zone is larger 

with the flame width. F rom the results of  the 

same swirl numbers in Figs. 4(b) and 11 (b),  the 

mean temperature profiles have a little broader  

with the flame width due to the coexistence of  the 

axial and radial  momentum.  For  relatively strong 

swirling flames (swirl number  of  0.6), the mean 

temperature profiles in the radial direction sel- 

dom vary in similar to those of  the swirl number  

of  1.24. However ,  the magnitude of  mean temper- 

ature is relatively higher than that of  the swirl 

number  of  1.24. This  appears that mean tempera- 

ture distr ibution is uniform by forming a flat 

flame over the whole burner  tile in strong swirling 

flow. On the basis of  the results, because a strong 

swirl can better mix both fuel and air or  create a 

recirculat ion zone, mean temperature distr ibution 

is uniformed, and NO emission may be decreased 

as seen later in Fig. 13. 
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Temperature distributions for radial dis- 
tance with swirl number at y=30  mm 

3.2 .3  D a m k o h l e r  n u m b e r  and  t u r b u l e n c e  

r e y n o l d s  n u m b e r  

An important  non-d imens iona l  parameter in 

turbulent  combust ion is the Damkoh le r  number  

Da which represents the ratio of  a charac- 

teristic flow time (/zow--lo/~/rms) to a charac- 

teristic chemical t ime (rchem=3L/Sz).  

Da and ReT are defined as Eqs. (2) and (3) 

respectively. (Turns, 2000) 

lo/ U~ 
Da= (2) 

&/SL 

R e z - -  u~s  l0 (3) 

In addition, 3L is the laminar  flame thickness, 

and SL is the laminar  flame velocity, which are 

calculated from Eqs. (4) and (5) respectively. 

(Turns, 2000) 

SL=SL.re /  \ ~ /  \ P ~ r e / /  (4) 

c~L ~ 2 a /  SL (5) 

where SL,rej and T,,rel are the laminar  flame 

velocity and flame temperature under atmosp- 

heric condit ions,  respectively (T~,r~i=298142 and 

P r e s = l a t m ) .  The temperature and pressure ex- 

ponents, 7 and fl are functions of  the equivalence 

ratio. 

Table  2 shows the turbulence intensity obtain- 

ed by flow characteristics, the laminar  flame ve- 

locity, the turbulence Reynolds  number  from 

laminar thickness and the Damkohle r  number.  

The calculated laminar  flame velocities have a 

tendency to decrease with decreasing mean tem- 

perature and also increasing swirl number. As 

ReT increases, Da decreases. As the swirl number  

Table  2 Da and ReT from the flow and the combus- 
tion experiment 

Swirl Number 0.26 0.6 1.24 

T(K)  

dL (m) 
SL (m/s) 

ReT 
Da 

1251 
4.55994 

3.0085E-5 
7.60440 
94.1148 
188.4790 

[219 
6.03493 

3.0854E-5 
7.18674 
[24.5576 
131.2339 

1138 
7.20119 

3.2962E-5 
6.18634 
148.6287 
88.6156 

~ s = r m s  velocity fluctuation 
•  exit initial velocity (15.5 m/s) 
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is transformed from 0.26 to 1.24, the maximum 

temperature decreases, but turbulence fluctua- 

tion increases. The calculated results will be used 

to figure out interiorly the characteristics of the 

flame structure. 

Figure 12 shows the characteristics of flame 

structure according to Da and Rex. This can be 

classified as three regimes; the wrinkled laminar 

regime, the flamelets-in-eddies regime and the 

distributed regime. The solid line of lh/~L=l 

distinguishes between the wrinkled laminar flame 
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Fig. 13 NO formation characteristics by air excess 

ratio (2600 kcal/hr) 
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regime and the flamelets-in-eddies regime, and 

solid line of lo/SL=l represents different flame 

structures between the flamelets-in-eddies and 

the distributed reaction regime. In this study, 

three swirl numbers are distributed in the wrinkl- 

ed laminar regime. As the swirl number increases, 

the characteristics of structure develop forward 

flamelets-in-eddies regime from the wrinkled 

laminar regime. Conclusively, this flame with 

high swirl number appears to be a flat one which 

spreads to the burner tile in shape, and to be a 

wrinkled laminar flame structurally. 

3.2.4 NO emissions 

Figure 13 shows the NO concentrations cor- 

related by 3% Oz concentrations obtained under 

the conditions of  the combustion thermal load 

of 2600 kcal/hr and the air excess ratio of 0.9-- 

1.3. The NO concentrations change a little from 

the air excess ratio of 0.9 to 1.0, but they gradu- 

ally increase above the air excess ratio of 1.0. 

These results are probably regarded as the effect 

of particular geometric combustor with a swirler 

and the expanded throat. 

As can be expected in the results of tempera- 

ture profiles, under the condition of  existing local 

high temperature zone (SN =0) ,  the NO forma- 

tion is expected to be high. The present results 

of NO concentrations follow this tendency. How- 

ever, when the swirl number is 0.26, the NO 

emissions formed much more relative to the swirl 

number of 0. These results are probably because 

the chemical reaction in the center of the burner is 

active due to moderate recirculating flow. These 

are deduced from the results of increasing blow 

off limits at the swirl number of  0.26 in Fig. 10 

(a). At each condition except for the swirl num- 

ber of 0.26, the NO concentrations decrease with 

increasing the swirl number. The present study 

shows that the swirl numbers are dominant to the 

NO formation than other parameter such as Oz 

concentrations because of the geometrical com- 

bustor figure with a swirler and a round-type tile. 

4. Conclus ions  

In this experimental research, the characteristics 



Effects o f  a Swirling and Recirculating Flow on the Combustion Characteristics in Non-Premixed Flat ... 511 

of non-reactive and reactive flow were investi- 

gated in the FFB with a swirler. The experiments 

focused on swirl effects due to four types of 

swirlers in terms of flow structure, temperature 

profile and NO emissions. The following con- 

clusions are resulted. 

As the swirl degree gets stronger, a flat flame 

can be tbrmed along the tile wall of the com- 

bustor. The recirculation zone becomes wider at 

high swirl numbers. At the swirl number of 1.24, 

axial pressure gradients generate a CTRZ. The 

limits of blow off between atmospheric and fur- 

nace conditions increase with combustion thermal 

load. However, the blow off limit decreases as the 

swirl number increases except at the swirl number 

of 0. The temperature profiles show a local high 

temperature region when the swirl number is 0 

and drop rapidly to a radial distance. When the 

swirl numbers are 0.6 and 1.24, the temperature 

profiles of the radial direction incline less than 

when the swirl numbers are 0 and 0.24. The 

results of temperature profiles are expected when 

the radial mean velocity is dominant in the non-  

reactive flow field at the swirl number of 1.24. 

The characteristics of the flame structure accord- 

ing to Da and ReT are distributed in the wrinkled 

laminar regime for three swirl numbers (swirl 

number 0.26, 0.6 and 1.24). The turbulence flame 

structure of FFB forms a widely flat flame shape 

in front of the tile externally, and the charac- 

teristics of the structure are of a wrinkled laminar 

structure interiorly. The NO emissions change 

little by the air excess ratio of 0.9 to 1.0. However 

it increases above the air excess ratio of 1.0. At 

each condition except a swirl number 0.26, as the 

swirl number increases, the NO formation de- 

creases. The NO emissions gradually have a de- 

creasing tendency due to the enlargement of the 

combustion gas recirculation zone as the swirl 

number increases. 
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