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Swirling Jets with and without Combustion

S. Fujii,* K. Eguchi,t and M. GomiJ
National Aerospace Laboratory, Chofu, Tokyo, Japan

Strongly swirled, unconfined jets were quantified using a laser Doppler velocimeter measurement system with
a unique, in-house single-particle processor under isothermal and combustion conditions. A drastic alteration of
mean flow profiles was recognized as a result of combustion. Deviations of the swirl velocity from a solid-body
rotation in the flame zone were probably due to unstabilizing effects caused by the viscous forces which out-
weighed the centrifugal forces. Turbulence levels were higher in the reacting flow with a scatter of the measured
data than in the isothermal jet. It may be deduced that time-dependent variations of the density as well as the
flame location, caused by interaction of chemical reaction/turbulence, produced the scattered data and hence
the flame-generated turbulence. The experimental data indicate that the turbulence local equilibrium model may
be accepted in the reacting strongly swirled jet.
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Introduction

EXPERIMENTAL observations of swirling flows have
been made for a number of years. It appears that they can

be roughly categorized by the following three different flow
configurations. The experiment of vortex breakdowns1'2 is
considered the first group and may be usually approximated
by an inviscid analysis.3 The swirling isothermal flow belongs
to the second cluster and has been approached primarily by
means of a hot-wire anemometer.4-"7 The swirling flame may
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fall into the last group, which has particular relevance to
furnace flows and burners.8'10 The advent of a laser Doppler
velocimeter (LDV) has had a significant impact on data acqui-

sition in complex flows under the combustion environment.
Advances in all aspects of swirling flow/flame research were
extensively reviewed in the references. n-12

The present work deals with unconfined, swirling turbulent
flow under both isothermal and combustion conditions. An
LDV measurement system was employed to quantify the vel-
ocity characteristics of jets emerging from the swirl burner.
The major objective of this paper is to present the flow data
on swirl and to improve understanding of the relevant physi-
cal process that is still insufficient to allow a satisfactory
turbulence model closure. Previous data reported in the open
literature are less detailed than is necessary for the present
purpose. They do not include measurements of the detailed
profiles of mean flow and turbulence velocity correlation,
particularly in regions of recirculation during combustion.
The measurements described herein encompass the three vel-
ocity components of mean flow and turbulence velocity
correlations. Emphasis is placed upon the comparison of fluid
dynamic characteristics with and without combustion.

Test Facility, Flow Configuration, and Instrumentation
Test Setup

The test rig is shown in Fig. 1. For measurements with iso-
thermal flow, compressed air by a centrifugal blower was sup-
plied through a settling chamber to a swirl generator which
consisted of a row of vanes. The outer and inner diameters of
the annular section were 100/70 mm and 60/40 mm, respec-
tively. For the single jet test, the outer annulus was blocked
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Fig. 1 Flow enclosure and swirl jet burner (units, mm)
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Table 1 Flow arrangements

Flow description
Isothermal single3

Isothermal single
Isothermal double
Reacting single3

Outer diameter,
Identification mm

S]
S2
S3 100
c

Inner diameter,
mm
60
60
60
60

Reynolds
number

105

105

1.7X105

105

Swirl Outer vane
number,5 lead angle,

S deg
1.50
0.69
0.78 45
0.90

Inner value
lead angle,

deg
45
30
30
45

3S; and C have the same vane angle. b Uncertainty of S= ±0.03.

Fig. 2

POSITION
(D

Layout of the measurement by rotation of traverse bench.

off at the exit. A homogeneous propane/air mixture was used
in the combustion flow testing. Propane and air were metered
by the respective orifice and premixed before entering into the
settling chamber. The flow was seeded with small concentra-
tions of titanium dioxide particles for the LDV measurement.
The rate of particles in a sensing volume was about 50/s.

The flow arrangements reported in this paper are summar-
ized in Table 1. Three different configurations denoted as 57,
S2, and S3 were first tested under the isothermal conditions,
and then one of them, 5;, was selected for further testing, C,
under the combustion. The vane angle was varied to change
the degree of rotation imparted to air. The Reynolds numbers
indicated in the table were based on the burner diameter and
isothermal flow properties. To characterize the helicity of the
flow, the swirl number was calculated from the measured data
for each configuration. Despite the same geometrical con-
figuration, the difference in the swirl number of C from 57
was attributed to a marked increase of axial thrust due to heat
addition.

Flow traverses were performed in downstream regions cov-
ering 0.5<z/£><5.0 except for the coaxial case, S3, which
ranged from z/D = 0.5 to 3.0. The laser beam was moved at
an interval of 2.0 mm in radial direction.
Instrument

The LDV and data acquisition system used are exactly the
same as those in Ref. 13. It comprised a 15-mW HeNe laser
(Spectra-Physics 124A) and a signal processor of tracker type
(TSI-Kanomax 27-series) with a velocity offset device to avoid
the directional ambiguity. The flow data processed were ac-
quired through an in-house single-particle processor into a
minicomputer. The processor was programmed to read only
one velocity signal as a seeding particle passed in the sensing
volume, so that reliability of the measurement data might be
improved in the high turbulence flow. Further detailed infor-
mation on the single-particle processor is given in Ref. 14.

Flow Determination
All optical instruments such as laser tube, lenses, and pho-

tomultiplier were placed on a traverse bench moving three di-
mensionally and rotating around its axis. To determine the
velocity at a point of P that is fixed in space, Fig. 2, the for-
ward-scattered light was rotated around the bench axis and
stopped at three different positions with the focus kept upon
the point. At each bench rotation, the beam was further
rotated around the laser tube axis to determine other com-

10 20 30 40
a, ANGLE OF BENCH ROTATION (DEG.)

Fig. 3 Effect of rotation angles on the measured velocity.

ponents of velocity on that plane. If the point of P had an
instantaneous velocity defined as ( V+ v, W+ w, U+ u) in the
swirling jet, its time-averaged velocity components and
correlations were determined by solving a set of simultaneous
equations, such that

Fsina-f Ucosa=U1

-Vsinl3+Ucosl3=U2

V2sin2a + 2uvsinacosa + U2cos2oi = u2j

V2sin2f3 — 2wt>sin/3cos/3 + w2 = u

vwsma + wwcosof =

- vwsin/3 + uwcos/3 = u2 w2

together with the simple relationship of

W= Wt = W2 and wj"= wf=

(D

(2)

(3)

(4)

(5)

(6)

(7)

Experimental Uncertainty
During the combustion tests, ample spacing was needed be-

tween the jet flame and the optical instruments to prevent heat
damage. To this end, a focal length of 583 mm was chosen in
all measurements, which resulted in a sensing volume of
elliptic spatial resolution with a principal axis of 0.3 and 7.7
mm. A thoughtful comparison of the LDV, hot-wire, and
pitot tube, made on the nonswirling jet, showed that the LDV
gave rise to a 5-6% smaller mean velocity than other probes
only in steep velocity-gradient regions.

An error introduced in rotating the bench axis was
estimated next. With a = /3 postulated, solution of Eqs. (1-6)
depends on terms of I/sin 2a, so that a should be as close as
possible to 45 deg in order to minimize the error associated
with rotation. Effects of the angle of rotation on the
measured values, made on a fixed point of the isothermal
swirling jet, were illustrated in Fig. 3. As the data tended to
their finite value beyond a = 30 deg, the measurements
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reported herein were mostly performed with a = 40 deg. The
traversing mechanism allowed positioning to within ±0.05
mm and ±0.05 deg at any desired angular position. The jet
was substantially axisymmetric in entire downstream stations
not extremely close to the burner exit. The measurement
errors in this experiment were then evaluated as follows: un-
certainty_of U, W- ± l.Ojn/s^ K= ±2.0 m/s; uncertainty of
u2, w2, uw= ± 1 m2 /s2 , v2, uv, wv, k2 = ±2m 2 / s 2 .

Experimental Observations and Discussion
Mean Flow Data

Axial velocity distributions with observations parallel to the
axis of symmetry are compared in Fig. 4. It is noted that the
coaxial, S5, and the single jet, Slt had almost the same axial
extent of recirculation bubble despite their difference in the
swirl number. The profile in combustion is very distinct from
the isothermal ones. In comparing 57 and Ceases, which had
the same vane angle, the axial length of the bubble was dimin-
ished and the point of maximum recirculation strength neces-

52 \ ISOTHERMAL
53 J (COAXIAL)

• C(*p = 1.0) REACTING

Fig. 4 Axial velocity distributions along the axis of symmetry.

sary for the flame stabilization shifted further downstream,
due to the heat release. These results greatly differ from the
LDV observations of the weakly swirling jets by Chigier and
Dovrak.9

Figure 5 shows the radial spread of swirling jets with dis-
tance downstream in comparison with the result of Pratte and
Keffer,5 who showed that the position of virtual jet source
was independent of the swirl numbers when they were less
than 0.35. As the present data revealed, however, the virtual
origin, z0> no longer coincided as the swirl number became
stronger and/or combustion commenced. It is notable that the
lesser spread of axial velocity was recognized in the reacting
flow.

The streamwise variation of maxima of the mean velocity
components is illustrated in Fig. 6. The decay rate followed a
trend towards the similarity of the weakly swirled jets in re-
gions of (z—z0) /D>49 where the isothermal jets were consid-
ered to be comparatively developed.

Typical radial-distributions of the mean flow were selected
for the cases of S7 and C at z/D= 1.0 and compared in Figs.
7a and 7b. It is first noticed that the swirl component was sig-
nificantly distorted around the flame stabilized zone with
sharp axial-velocity gradients, whereas a solid-body rotation
was maintained in the isothermal flow. The stability of react-
ing, stratified flows depends on the modified Richardson
number,15 defined by R* = (1/p) (dp/dr) (W2/r) / ( d U / d r ) 2 ,
indicative of a ratio of centrifugal to shear forces. Since the
Richardson number became very low in the flame stabilized
zone, where values of (dU/dr)2 were quite large, it may be
suggested that the distorted profile of W was probably attrib-
uted to an unstable effect produced by shear forces which out-
weighed centrifugal forces.

One more discrepancy is that the radial and swirl velocity
were of the same order of magnitude outside the hot bubble,
which implies that the outward movement of the reacting flow
was predominant. Furthermore, the negligible smallness of V
measured in the hot recirculation was suggestive of an impor-
tant cue in the flame stabilizing effect.

Fig. 5 Radial spread of the swirling jets
and their virtual origins.
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Fig. 6 Decay of mean velocity scales.
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Fig. 7 Radial distributions of the mean flow at z/D = l.Q: a)
isothermal, Sj; b) reacting (0p = 1.0), C.

Chigier8 concluded that chemical reaction and temperature
changes caused only minor perturbation to the main flowfield
in the swirling flame with swirl numbers less than 0.3. The
case is different with the strongly swirling flow discussed in
this paper.

Turbulence Velocity Correlation
Turbulence quantities of the swirling jet under isothermal

and combustion conditions are compared in Figs. 8-10. The
Streamwise variations of maximum turbulence kinetic energy
are indicated in Fig. 8. Figure 8a shows that an increase in
turbulence level was observed beyond the point of z/D = 1 in
combustion. In addition, the same data were nondimensional-
ized by a maximum of axial velocities at each measuring sta-
tion and plotted in Fig. 8b, which showed in turn an apparent
suppression of turbulence kinetic energy as a consequence of
combustion.

The increase of turbulence level due to combustion was
already reported for the nonswirling16 and swirling jet9 in
terms of burner exit condition; on the other hand, Glass and
Bilger17 reported a suppression of u2 /U0 where U0 represents
the local maximum. It is also noted that a decrease in turbu-
lence level was observed only near the burner exit where the
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Fig. 9 Isothermal turbulence properties for Sj
a) normal; b) shear.

= 1.0:

reacting flow was not yet established.9 These results are in
qualitative agreement with the present data.

Selected results for Sj and C at 7,1 D- 1.0 are compared in
Figs. 9 and 10. Figure 9a shows that a double peak of u2 and k
was produced in regions with high gradients of the mean ax-
ial velocity without combustion. If combustion commenced,
the peaks were much pronounced at rID — 0.56, around which
the flame was established (Fig. lOa). _Another difference in
both flows.is that the measured data of w2 were considerably
scattered in the entire region of the combustion flow. With re-
gard to the normal stresses plotted in Figs. 9a and lOa, the
isotropic turbulence was maintained only near the axis of
symmetry in the isothermal flow and deviations from the
isotropy were significant in other regions and particularly in
the reacting flow.

Other turbulence velocity correlations are plotted in Figs.
9b and lOb. Rather dispersive distributions of uw and wv were
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b) shear.

also found in the reacting flow data, which might be attrib-
uted to the scattered data of w2. It appears that interaction of
turbulence/chemical reaction caused the time-dependent
variations of the density as well as the flame position, which
resulted in the scatter of the measured flow data. This
phenomenon may be what is called the flame or combustion
generated turbulence. In addition to this, it must be recalled
that the turbulence could be generated by an increase of dU/dr
observed in the combustion data and destroyed or suppressed
by the dilatation effect18>19 due to heat release. __

Another interesting feature is that the products of -uvdU/
dr, characteristic of the turbulence energy production in the
nonswirling boundary layer, were always positive in the pres-
ent data with and without combustion, and, further, that the
positions where uv and dU/dr approach zero occurred at the
same point. Since the same reasoning can be applied to the
products oj^- wv r ( d W / r / d r ) , the familiar Prandtl model20

such as - wyoc [ (dU/dr)2 + (rdW/r/dr)2 ] under the bound-
ary layer approximation, may be acceptable in the_cpmplex,
reacting flow. A double peak of the distributions of uw was
observed in the regions with high gradients of dU/dr and
r ( d W / r / d r ) , which again shows a strong dependence of the
Reynolds stresses on the local strain of mean flows.

Summary
The net results of the experimental aspects for the strongly

swirled jets are summarized in the following.
1) Virtual origins of the radial spread curves did not coin-

cide as the swirl number became strong and/or combustion
commenced.

2) The reacting jet had a pronounced outward movement
outside the recirculation, with the radial motion suppressed in
the hot bubble, which significantly contrasted with the grad-

ual increase and decrease of the radial velocity detected in the
isothermal jet.

3) Deviations from a solid-body distribution of the swirl
velocity in the flame zone were probably attributed to the
strong viscous forces which outweighed the centrifugal forces,
as can be explained by the modified Richardson number.

4) The turbulence levels were increased as a consequence of
combustion, with an attendant scatter of the measured turbu-
lent velocities. It is tentatively concluded that the fluctuations
of the density as well as the flame location, caused by interac-
tion of combustion/turbulence, might produce the scattered
data which in turn appeared as the flame generated tur-
bulence.

5) Relationships obtained between the turbulence velocity
correlations and the mean flow gradients showed that the
turbulence local equilibrium model, depending on the local
strain of mean flows, could be acceptable in the complex
swirling jets with and without combustion.
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