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ABSTRACT

This paper reports an investigation car-
ried out on the recirculation zones establish-
ed in conical chambers with radial vaned inlet
swirlers. The boundaries of the recirculation
zones established in various conical chambers
of different cone angles are presented for
different inlet swirl numbers and an optimum
cone angle which gives a reasonably short
length of the recirculation zone with maximum
pressure recovery is suggested. The inlet
swirl number is also optimized for a fairly
high swirl strength within the recirculation
zone and the inlet swirl number for which the
recirculation completely disappears is also
estimated. In addition to this, an equation
is curve-fit to the experimental data which
correlates the length of the recirculation
zone for any given cone angle and inlet swirl
number.

NOMENCLATURE

C	 Magnitude of actual velocity of fluid
Cx Component of velocity in the axial direc-

tion
Ur.	 Component of velocity in the radial

direction
Cg Component of velocity in the tangential

direction
Cxo Axial velocity component at the axis, at

the exit of the swirler
CxA Axial velocity component at the axis, at

any axial station
Cr Radial velocity at r/h = 0.5

Tangential velocity component (or swirl
velocity) at r/R = 0.5

ll 	 Outside diameter of the swirler
r	 Radial distance from the axis at any

cross section
Radius of the chamber wall, at any cross
section

S	 Swirl number within the flow regime given
by (Cg/Cx) x (r/R)

Si Inlet swirl number given by 2/3 of tan-
gent of swirler vane angle

X	 Axial distance from the exit of the
swirler

X5 Length of the recirculation zone
0C Cone angle of the conical chamber

1. INTRODUCTION

An important requirement of a gas turbine
combustion chamber is to maintain a stable
flame over a wide range of operating condi-
tions. The most common technique adopted to
achieve this goal is to establish a recircula-
tion zone in the primary section of the combus-
tion chamber by introducing the primary air
through swirlers arranged at the inlet of the
chamber. The pressure loss associated with
the recirculating flow can be effectively
recovered by providing a divergent shape for
the combustion chamber.

It is experimentally established by
Chigier et al.(1) that the axial length of the
recirculation zone extends upto four orifice
diameters of a swirl burner with a strong in-
let swirl. Domukundwar (2) has experimentally
investigated the effect of diffuser angle and
equivalence ratio on stability characteristics,
and based on the experimental data, he has
proposed a model wherein the blow-off velocity
is directly proportional to the equivalence
ratio and tangent of the diffuser angle. Both
Domkundwar (2) and Chigier et al.(1) employed
the technique of axial and tangential air
entry for the generation of recirculation
zones and they reported relatively lower
lengths of recirculation zone. In contrast to
this, Beltagui et al.(3), while employing the
technique of air entry through vaned swirlers,
has reported long lengths of recirculation
zone of about seven swirler diameters with a
40° swirler. Hacker (4) used the mixing
length theory of turbulence and developed a
model for flames in swirling combustors. He
concluded that the flame can he effectively
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stabilized by controlling the swirl. hafuwa
et al.(5) have studied the effect of vane
angle on the stability limits of a flame and
reported that with an increase in vane angle,
the blow-off velocity decreases. Pathi
et al.(6) have investigated a recirculation
zone established by vaned swirlers in a coni-
cal chamber of 43 ° cone angle. The length of
recirculation zone as well as the negative
swirl strength were found to increase with an
increase in the swirler vane angle. However
as this investigation was limited to a study
on a single conical chamber it was found that
there was a necessity to study the effects in
more number of conical chambers with varying
cone angles so that an optimum conical chamber
matching an optimum inlet swirl number may be
arrived at.

Hence a detailed analysis on five diffe-
rent conical chambers of varying cone angles
is attempted in the present investigation
employing radial vaned swirlers. An expres-
sion for the length of recirculation zone at
any given cone angle and inlet swirl number is
also developed based on the experimental data.

2. Da3CRIeClOiv 0: 	 (XAICAL COABJ3fOR

Fig.l shows a dimensioned sketch of the
conical test chamber assembled in the combus-
tion chamber of a real gas turbine unit. The
dimensions shown in the figure are for a typi-
cal test chamber of cone angle 33' fitted with
a radial vaned swirler of hub and outer dia-
meters equal to 8.2 and, 25.4 mm. The conical
shaped chamber covers the primary section and
this is followed by a cylindrical shape of the
Chamber wherein the dilution and film-cooling
air will be introduced.

2 0 0M11, 400 MM 

PRIMARY ZONE 	 DILUTION ZONE

SCALE 11 4

FIG.l SFETCH OF THE curicAL OLL3USTC11

3. EXPEhIAD:01-TaL SST-UP A J phOCEJUE
A schematic arrangement of the experimen-

tal set-up is shown in Fig.2.
The exhaust of a 4-cylinder Perkins diesel

engine was used for the supply of necessary
mass flows of gas through the conical chamber.
Black smoke in the gas was eliminated by runn-
ing the engine on no load and also by introdu-
cing a settling tank in the supply line. The
gab temperature at inlet of the chamber was
50 C, and the flow velocity of gas was mainta-
ined in the range of 32.86 to 46.5 m/sec. The
conical chamber was fitted with a radial vaned
swirler at its inlet and the vane angle of
different swirlers employed were in the range
of 20° to 60° which correspond to inlet swirl
number of 0.262 to 1.25. The swirler vane
design was as per the recommendations of
Mathur (7). A spherical pitot probe was first

calibrated by the usual procedure and was then
used for the measurement of the three velocity
components in the axial, radial and tangential
directions at various points in the flow
regime. The axial stations of the conical
chamber at which the pitot probe was traversed
were arranged at distances of 0.5, 1.0, 1.5,
2.0 and 3.0 times the swirler diameter from
the inlet of the chamber. The end of recircu-
lation zone, on the axis of the test chamber,
was identified by traversing a tuft probe
along the axis of the chamber and locating the
point where the tuft indicated a change in the
flow direction of the gas.
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4. DISCUSSIOii OF THE RIISULTS

4.1 Distribution of theaxial ‘azadial_anclatan-
gential velocity components
A typical inlet swirl number of 0.604,

which is proved to be the optimum value by
Pathi et al.(5), was selected for the presen-
tation of data for discussion under this sec-
tion.

Fig.3 presents the variation of non-
dimensional axial velocity component with non-
dimensional radial distance, at X/D 1.5 and
S i = 0.604, and exhibits the nature of radial
spread of the recirculation zone in the various
conical chambers. The radial spread of the
recirculation zone, with a negative axial
velocity component, is increasing from 50 to
85A of the radial distance as the cone angle
of the chamber increases from 23° to 63°.
otter distribution of the zone in the radial

direction, found in wider chamber, is due to a
better opportunity for the fluid to diffuse in
the radial direction.

Fig.4 presents the variation of non-
dimensional radial velocity component with the
non-dimensional radial distance, and shows
that the flow is inward within the recircula-
tion zone and it is outward outside the zone.

1. in;_;ine
2. Ebdruist pipe
3. Thermometer
4. Pressure gauge
5. Aabilizer tank
6. upply pipe
7. Orifice
8. j._anometer
9. Control valve

10. lianee
11. .: ,,irler
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The variation of non-dimensional tangential
velocity component with the non-dimensional
radial distance is shown in Fig.5. The trend
exhibited considerable oscillation from posi-
tive rotation to negative rotation. This trend
is in agreement with the results presented by
Chigier et al.(1) in swirling flows. Figs.6-8
present the variation of non-dimensional axial,
radial and the tangential velocity components
at different stations, along thedis-
tance of the conical chamber of 33 cone angle
with an inlet swirl number of 0.604.

FIG.4 RADIAL PROFILES CF RADIAL
VELOCITY

FIG.5 RADIAL PROFILES OF TANGENTIAL VELOCITY

FIG. VARIATION OF RADIAL VELOCITY IN TEE RADIAL
DIRECTION F DinhIEUT AXIAL STATIONS

8.0
el= 33 °

FIG.8 VARIATION OF TANGENTIAL VELOCITY IN
TEN RADIAL DIRECTION FOR DIFFERENT AXIAL
STATIONS

4.2 Ylriation of swirl_number
The variation of swirl number, S given by

S	 C/Ox (r/R), within the flow regime, is
presented in Figs.9(a) and 9(b). The huh of
the swirler blocks the entry of air at its
centre. The axial momentum of air, just at
the exit of the swirler, at its centre, is
therefore zero. A low negative swirl is thus
established at the axial station of X/D = 0.5,
and at X/D = 3.0, the swirl is assuming a high
positive value of 0.75 at r/R = 0.6. This
swirl subsequently decays in the downstream
direction and is almost zero at X/D = 8.0.
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FIGS.9(a)&(b) SWIRL rul.ETE VARIATION Ir THE 10',1 REGINE

Figs.10 and 11 are plotted with the idea
of arriving at an optimal -a inlet swirl nwnber
which gives a reasonably high swirl strength
at the axis of the chamber. Fig.10 presents
the decay of swirl strength along the axis of
the chamber for various inlet swirl numbers
and Fig.11 shows the variation of swirl
strength with the inlet swirl number for a
typical axial station of X/D = 1.5. It can be
seen from Fig.11 that the swirl strength
increases at a fast rate of 1.0 unit per unit
inlet swirl number, for Si ranging from 0.262
to 0.6, while the rate of increase for higher
inlet swirl numbers is of the order of 0.23
units. It is therefore concluded that an opti-
mum value for the inlet swirl number which
gives a reasonably high swirl strength is

around 0.3. This conclusion agrees with the
results obtained by Pathi et al.(6) on a coni-
cal chamber and Ganesan (B) on a can type
chamber. Extrapolation of the curve of Fig.11
yields another important result that at an in-
let swirl number of 0.2 the swirl strength is
zero. This observation of the inlet swirl
number at which the recirculation disappears
is in agreement with that of Beltagui et al.(3).
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0.8

t0.6

CxA
0.4

cx,0
•2

0 QA 0.8 1.0
--. 	 X

FIG.11 VARIATION OF 	 101G.12 DECAY 010 SWIRL STRLITGTH
LWIEL STRENGTH WITH 	 ALONG THE AXIS FOR VARIOUS CONE
INLET SWILL rURDETI
4.3 Decay of the axial velocitL component on

the axis
Fig.12 is drawn to estimate the length of

recirculation zone in a given conical chamber
with a given inlet swirl number. The end of
recirculation zone where the swirl strength
becomes zero on the axis, is identified by
means of tuft probe studies as explained in
article 3. dith the help of this data the
curves of swirl strength have been extrapola-
ted to meet the x-axis. Thus from this figure
the lengthsof recirculation zone have been
determined for various cone angles.

4.4 Boundaries of the recirculation zone 
The boundaries of recirculation zone in

various conical chambers are presented in
Fig.13. It can he clearly observed on the
figure that for any given inlet swirl number,
the length of recirculation zone decreases with
an increase in the cone angle whereas the
radial spread of the zone increases with an
increase in the cone angle. There is a consi-
derable reduction in the length of the zone for
an increase in the cone angle from 23° to 33°
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whereas the reduction is marginal for a further
increase right upto an angle of 63'. This fact
is again evident from Fig.15 which is plotted
to correlate the experimental results with ana-
lytical values. However, in a real gas turbine
combustor, the coupling effect of dilution air
which may entrain into the recirculation zone
can bringin a reduction in the length of the
recirculation zone. Moreover, under combusting
conditions, the length of this zone is likely
to get further reduced by about 50 as repor-
ted by Eeltagui et al.(3) for a 30° -vaned
swirler of annular type.

cis =. 2 3° 	= 0.2 62
Si = 041 5

= 0.604

Si= 0.8575
- St = 1.25

0.2
1=0.4 L

6 2

i=-Q • 6 4

9
Si=_. O. 8 575
Si=1.2 5

S i 0.262

-1=0.604

4.5 Comparison of data on length of recircula-
tion  zone  with the work of other investi-
gators 
The variation of length of the recircula-

tion zone with the inlet swirl number, as
estimated by Beltagui et al.(3), is superimpo-
sed in Fig.l5 for the sake of comparison with
the results of the present work. The results
of Beltagui et al. correspond to a cylindrical
furnace employing hubless swirlers whereas
those of the present investigation refer to
annular type swirlers used in conical shaped
chambers. Considering the can type chamber of
Beltagui et al. as a chamber with cone angle
of 180°, it can he seen from the figure, that
at the optimum swirl number of 0.6, the
results of Eeltagui et al. exactly fit into
the trend exhibited by the results of present
investigation wherein the length of recircula-
tion zone is gradually decreasing with an
increase in the cone angle of the chamber. How-
ever for higher inlet swirl number, greater
than 0.7, the correlation of can type chamber
with conical chamber fails.

An error analysis of the entire experi-
mental data is given in Appendix-1.

33°

.4=4 3°

3°

Si=D •857
Sj=1.2 5

51=0,262
=0.415

.604

9 7
N=0.8 57 5
S i= 1 .25

5. UJILIJIPIT OF THT, EXP -EhIllaeTAL DATA
The trend exhibited by plots of the swirl

strength along the axis, for a given conical
chamber, is found to fit into an equation of
the form:

Sk=0.8575 X	 CXA(- + a) (-- + b) =
OX0

(1)

4
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It can be observed from Fig.15 that for
the swirl number of 0.604, the length of recir-
culation zone gets reduced by 33%. when the
cone angle is increased by 10 ° only (i.e.,
from 23° to 33° ) whereas a further increase in
the cone angle right upto 63 ° reduces the
length by another 22% only. In addition,
heneu et al.(9) have established that for cone
angles upto 30°, the pressure recovery will
gradually increase and beyond 30° there is a
reduction in the recovery factor. This fact
is clearly exhibited in Fig.l4. It can be
therefore concluded that in view of a reaso-
nably short leneth of the recirculation zone
and a high pressure recovery, 33 ° is the opti-
mum cone angle for the conical chamber.

where fa = a (1 	 b) and both 'a' and 'b' are
functions of the inlet swirl number, Si. The
values of 'a', 'b' and ' p are evaluated by
curve fitting and based on their variation
with Si, expressions have been developed (10)
as functions of Si for all these three quanti-
ties. Equation (I) therefore takes the form:

1
Cl S.
 1.855

i	 (2 - S i )
2

°XL) ,1.485 	 1.5X/D + C2 . 1 -	 ( 2 - S i) '

0.37 	 0.5
1.725 S i 	(2 - S i ) 	 (2)

wherein the values of C1 and C2 vary with the
cone angle of the chamber as shown in Table-1.

Table - 1

Values of C1 and C2

(P.Eama Mohan et al.)

S	 23°	 33° 	 43°
	 530 	 63

Cl 	12.90	 10.23 	 9.36 7.728 	 6.42
C2	 7.49	 5.93 	 4.85 4.480 	 3.72

The length of recirculation zone, non-dimensio-
nalised as XL/D, is now computed introducing
the condition that X/D Xz/D at CXA/CX0 = 0.

25° 50° 75°
CONE ANGLE -I.

FIG.14 PRESSURE RECOVERY FOR
VARIOUS COUP AYGLES
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Equation (2) therefore yields the following
expression for X5/D:

1.485 	 1.5
X5 	 C3 Si 	 (2 - S i )

D	1.725S9'37(2-S)0.5 - 1

with C3 equal to 7.49, 5.93, 4.85, 4.48 and
3.72 as '42.4' goes from 23° - 63° . The curve
of C3 Is rpC is a rectangular hyperbola descri--
bed by the equation:

,
C3 = 50.2 (o()

-0.595

and the most general expression for X5/1) that
follows from equation (3) is:

1.485 	 1.5
X5 50.2 a,	 (2 - 	 (00

-0.595

1.725 	 (2 -Si 37. 	 0.5 - 1

A correlation between the experimental values
and the predictions from equation (4) is pre-
sented in Fig.15 and a good agreement is obser-
ved between the two sets of values.

6. COuCLUSICRS

Prom the present investigation the follow-
ing conclusions can be arrived at:

(i) A conical chdamber with an optimum cone
angle of 33 gives a reasonably short
length of the recirculation zone with an
appreciable pressure recovery.

(ii) A vaned swirler with an inlet swirl
number of 0.6 produces a sufficiently
high swirl strength.

(iii) Equation (4) correlates the length of
recirculation zone with sufficient
amount of accuracy for the cone angles
ranging from 23° to 63° and for the
swirler vanes in the range of 20 ° to
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APPNDIX-1

Error analysis of the experimental data

•Fig.3

04
dumber of replications
Standard deviation

23°
9

1.59

33°
10

1.1

43°
9

1.1

53°
10

1.02

Fig.4

rd. 23° 33° 43° 53o

..umber of replications 9 5 9 4
Standard deviation 1.03 1.14 1.1 1.04

Fig.5

OC 23° 33° 43° 53°

.11mber of replications 4 7 8 7
Standard deviation 1.07 1.05 1.25 1.24

63°
10

0.66

530

5
1.01

53°

7
1.19

,
..umber of replications
standard deviation

1.25
5

0.215

0.9575
5

0.205

0.504
5

0.204

D.415
5

0.204

2'ig.12

QC 230 33o 43° 53°
.camber of replications 5 5 5 5
L,tandard deviation 0.202 0.137 0.196 0.198

0.252
5

0.208  

53
5

0.20 

Fig.6

✓D
number of
Standard

replications
deviation

0.5
10

1.20

3.0
9

1.17

Fig.7

X/j 0.5 3.0
umber of replications 10 5

Standard deviation 1.25 1.32

.8

XT 0.5 3.0
.iwnber of replications 7 8
standard deviation 1.79 1.73

2.0
: . umber of replications	 5
Standard deviation 	 1.69

L'ir:.9(b)

5.0 6.0
.,umber of replications 4 4
Standard deviation 1.71 1.6

The curves which are not covered above happen to be derived from
tlae remainirc figures.
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