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Enhancement of Mixing in Reacting Fuel-Rich Plumes
Issued from Elliptical Nozzles

K.C. Schadow,* K.J. Wilson,t and MJ. Lee$
Naval Weapons Center, China Lake, California

and
E. Gutmark§

University of Southern California, Los Angeles, California

The mixing of jets and reacting fuel-rich plumes issued from elliptical and circular nozzles was compared in
the tests reported in this paper. In noiireactirig tests with hotwire probes, the jet issued from an elliptical nozzle
mixed faster with a coaxial, ducted airstream than a jet issued from a circular nozzle. In combustion tests with
thermocouples, mixing between the reacting fuel-rich plume and the coaxial air was also enhanced with elliptical
nozzles. This resulted in higher local combustion temperatures and therefore higher reaction rates near the noz-
zle exit. In both cases, the tests were done at high Reynolds numbers and turbulent initial conditions.
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Nomenclature
= throat area of circular nozzle
= throat area of elliptical nozzle (2:1 aspect ratio)
= duct diameter
= combustor diameter
= circular nozzle diameter
= major axis length
= minor axis length
= energy of velocity fluctuations
= frequency
= initial vortex shedding frequency
= air mass flow rate
= ethylene mass flow rate
= nitrogen mass flow rate
= oxygen mass flow rate
= air feed system pressure
= combustor pressure
= radial direction
= radius of combustion chamber
= Reynolds number
= jet half-width
= Strouhal number
= Strouhal number based on ft
= temperature
= combustor temperature
= velocity
= jet exit velocity
= axial direction
= momentum thickness at nozzle exit
== equivalence ratio

Introduction

FUEL-RICH plume combustion in a ducted, subsonic
airstream involves several interrelated physical and

chemical processes.1'2 Two critical features for achieving
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high-energy release are 1) the turbulent mixing process be-
tween fuel-rich products and air and 2) the initiation of com-
bustion in the local mixing region with near-stoichiometric
mixture ratios or with highest possible combustion
temperatures. Both features are discussed in the following
for the coaxial plume/air mixing process.

The turbulent mixing process between the nonreacting
plume (jet) and the air occurs in a mixing layer that is
governed by vortex shedding and subsequent vortex interac-
tions. Vortex shedding at the nozzle exit occurs as a result of
mixing layer instability waves that grow and subsequently
roll up into vortices. The roll-up occurs at the most
amplified frequency/}. This frequency, when scaled with the
initial shear layer momentum thickness 00 and the jet exit
velocity U0 yields a Strouhal number Stj=ff9Q/UQ, which is
predicted to be 5^ = 0.017 by the linear instability theory.3

The shear layer dynamics discussed here were investigated
experimentally in many laboratory jet and shear layer
facilities. Recently, they were also measured in a high
Reynolds number jet with highly turbulent initial condi-
tions.4 These tests were conducted in both a free circular jet
and a ducted jet with and without acoustic forcing.

The generation of vortices and their subsequent growth are
associated with outside fluid entrainment into the jet flow.
Through this process, the jet fluid is mixed with the
surrounding fluid. Various methods of mixing enhancement
by active shear layer control have been suggested. These
methods introduce external forcing into the shear layer. The
artificially generated perturbations change the downstream
development of the mixing layer.

A passive method for increasing the jet entrainment, and
consequently its mixing, was proposed by Gutmark and
Ho.5'6 They showed that an unforced jet injected from a
small-aspect-ratio elliptical nozzle entrained up to eight times
more fluid than a circular jet. This feature was attributed to
complex dynamics and the self-induction of elliptic vortices
formed as a result of the initial instability of the jet. The
elliptical vortices switched their major and minor axes as
they were convected downstream. This motion was accom-
panied by the deformation of the vortex cross section and
the development of azimuthal instabilities. As a result of
these processes, small-scale fluctuations were formed and
small-scale mixing was augmented in the initial region of the
jet.7
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Past work with elliptical jets was performed at low
Reynolds numbers, laminar initial conditions, and nonreact-
ing free-jet conditions. In the present work, the effect of
elliptical jets on turbulent mixing was studied at high
Reynolds numbers, with turbulent initial conditions, with
and without combustion, and with a coaxial airflow.

For achieving high heat release, it is also important to in-
itiate autoignition of the fuel-rich products in the local mix-
ing regions with near-stoichiometric mixture ratios. This is
necessary to achieve the highest possible (near stoichiometric)
local combustion temperatures and, therefore, the highest
possible reaction rates. This is critical for fuel-rich plumes
containing particulate fuels.8

In a coaxial mixing region with overall above-
stoichiometric air-to-fuel ratios, or equivalence ratios of less
than one ($<1), near-stoichiometric mixture ratios exist in
the extreme fore end of the mixing region, as generally
predicted by turbulent models and also shown in ex-
periments.9 Therefore, for achieving highest possible local
combustor temperatures, it is necessary to initiate combus-
tion of the fuel-rich products in the extreme fore end of the
coaxial mixing region. However, experiments showed that
combustion did not occur near the plume exit and a lifted
diffusion flame resulted.10 When ignition occurred several
nozzle diameters downstream of the nozzle exit, the combus-
tion temperatures were significantly below the near-
stoichiometric temperatures.9'11 This was a result of excessive
mixing of air with the fuel-rich plume before combustion
was initiated. Combustion probably did not occur in the ex-
treme fore end of the mixing region near the nozzle because
of limited mixing on the molecular scale in the presence of
large-scale vortices. This was especially the case when the
plume exhaust velocity was supersonic and the duct pressure
was low. The combustion temperatures were higher when the
exhaust velocity was reduced to subsonic speed and combus-
tion occurred at the beginning of the mixing region.12

The previous results were obtained when circular nozzles
were used. In the present study, elliptical nozzles were used
in an attempt to enhance overall mixing between the fuel-rich
plume and the airstream and to enhance combustion in the
extreme fore end of the coaxial mixing region with highest
possible combustion temperatures.

Specifically, the objectives of the present study were 1) to
compare the mixing rates of elliptical nozzles with those of
circular nozzles and to determine the initial shear layer in-
stability frequencies for both nozzles in nonreacting and
coaxial flow experiments using a hot-wire anemometer; and
2) to measure combustion temperatures in the fore end of
the mixing region using thermocouples for gaseous fuel-rich
plumes issued from circular and elliptical nozzles.

Experimental Setup
A chamber with an inner diameter of £)c = 5.3 in.

(13.5 cm) was used for both the nonreacting and combustion
tests.

In the nonreacting tests (Fig. 1), the fuel-rich exhaust was
replaced by air which was introduced into the mixing section
through a 0.75 in. (1.9 cm) diameter pipe. Interchangeable
nozzles with circular and near-elliptical cross sections were
located at the downstream end of the pipe, as will be de-
scribed in detail later. The air was introduced into the mixing
section through a grid and a honeycomb. The total air mass
flow of mA =0.67 Ib/s (0.30 kg/s) was divided into two parts
in a ratio of 13.2:1 (air to "fuel") by proper selection of
sonic orifices in the air feeding system. Based on this air
mass flow ratio and the geometric pipe diameter, the initial
velocities of the air and the fuel were calculated to be (7=40
and 130 ft/s (12.2 and 40 m/s), respectively. The velocity of
the fuel flow corresponds to a Reynolds number of
Re = SxW4 based on Z> = 0.75 in. (1.9cm), ambient air
temperature, and a chamber pressure of jPCAIR = 20.8 psia

(143 kPa). The velocity field in the mixing section was
measured using a constant-temperature, hot-wire anemom-
eter. To determine the shear layer instability frequencies
related to the vortex dynamics, the hot-wire signals were
digitized and analyzed using a PDP 11/55 minicomputer.

For the reacting flow tests, a precombustor that burns
ethylene (CH), oxygen (O), and nitrogen (N) was used. The
experimental setup had the same geometrical dimensions as
the one used for the cold-flow tests. The gaseous fuels were
ignited in the precombustor by a hydrogen/oxygen pilot ig-
niter. Mass flow rates of the precombustor were mcn = 0.075
Ib/s (0.034 kg/s), m0 = 0.076 Ib/s (0.034 kg/s), and
mN = 0.089 Ib/s (0.040 kg/s). The air mass flow was 2 Ib/s
(0.9 kg/s). The initial temperature and velocity of the air
were T=280K and £7=30 ft/s (9 m/s) for a chamber
pressure of Pc = 80 psia (552 kPa). The initial conditions of
the fuel-rich reaction products were T= 1650 K and U= 1500
ft/s (450 m/s).11

In a limited number of tests, direct color photographs of
the combustion zone near the plume nozzle were taken
through a plexiglas-walled combustor section.

One circular and three elliptical nozzles were used for the
nonreacting and combustion tests. The circular nozzle had a
diameter of DCIRC = 0.75 in. (1.9 cm), which was equal to the
pipe diameter D, and the three elliptical nozzles had major-
to-minor axis ratios of Z>MAJ/Z>MIN=2:1, 3:1, and 3.5:1. The
area of each of the four nozzle cross sections was nearly the
same. Most of the measurements reported were done with
the 3:1 ratio nozzle for reasons that will be explained later.
The elliptical nozzles were made by pressing circular pipes.
The resulting cross sections did not have an exact elliptical
shape, but to simplify the writing they will be called "ellip-
tical" hereafter. The transition from the circular to the ellip-
tical cross section occurred over an axial pipe length of 6 in.
(12.2cm).

Test Results
Nonreacting Tests

The initial mean velocity profiles of the circular jet and
the 3:1 elliptical jet, measured at different axial cross sec-
tions from the jet nozzle plane (AYZ>CIRC = 0.17-13.3) are
shown in Figs. 2-4.
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Fig. 1 Test setup for nonreacting tests.
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Fig. 2 Radial mean velocity profiles (circular jet).
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Fig. 3 Radial mean velocity profiles (elliptical jet, 3:1, minor axis).
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Fig. 5 Spreading rates for circular and elliptical (3:1) jets.
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Fig. 4 Radial mean velocity profiles (elliptical jet, 3:1, major axis).

The initial mean velocity profiles (X/DCIRC = Q.H), which
resemble fully developed turbulent pipe flows, were quite
different from those of regular laboratory-type jets with
"top-hat" exit velocity profiles. From the initial mean
velocity profiles X/D = Q.ll, the initial mixing layer momen-
tum thicknesses were determined for the circular jet
[00 = 0.0334 in. (0.85 mm)] and the elliptical jet [00 = 0.0117
in. (0.3 mm) on the minor axis plane and 00 = 0.0132 in.
(0.34 mm) on the major axis plane]. These measurements
show that 00 varied almost 13% around the circumference of
the elliptical nozzle exit. This is different from a circular jet,
which has a uniform 00 distribution around its cir-
cumference. This initial shear layer momentum thickness can
be used, according to the linear instability theory,3 to
calculate the shedding frequency at the jet exit.

From the mean velocity profiles, it may be seen that the
circular jet grew slowly into the coaxial air stream, especially
for X/DCIRC<5.3 (Fig. 2), while the elliptical jet exhibited a
strong spreading into the surrounding airstream in both the
minor and major axis planes (Figs. 3 and 4).

The spreading rates of the circular and elliptical jets are
shown in Fig. 5 where the widths of the two jets are com-
pared. The jet width is defined here as the distance from the
jet axis to where the mean velocity drops to 50% of its max-
imum value (#0.5)- It may be seen tnat the elliptical jet
spreads faster on the minor and major planes than the cir-
cular jet. The jet width on the minor axis equaled the cir-
cular jet diameter at X/Dcmc = 6, but was still smaller than
the major axis even at X/Dcmc-13.3. No switching be-
tween the minor and major axes of the jet was observed in
the range of the present measurements. The larger spreading
rate of the jet in the minor axis plane relative to the major
axis plane shows that both sides become equal at about 18
equivalent diameters from the exit.

The mean velocity measurements also showed that the
flow of the 2:1 elliptical jet near the nozzle (X/DMIN = 0.4)
was more complicated than expected in regular jets. The
velocity contours in Fig. 6 show that the flow did not fully-

Fig. 6 Constant velocity contours (elliptical jet, 2:1).
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Fig. 7 Initial velocity spectrum (elliptical jet, 3:1).

match the shape of the nozzle and some kinks developed on
the major axis side, indicating the development of higher
azimuthal modes.

The velocity fluctuation spectra in the shear layer around
the jet exit circumference, as determined by power spectral
density analysis, were measured in the circular and elliptical
jets. The spectrum of the 3:1 elliptical jet in the center of the
shear layer at X/DMIN = 1.25 is shown for the major axis
plane in Fig. 7. A distinct peak at/= 2913 Hz can be iden-
tified in the shear layer. This frequency, when scaled with 00,
and the jet exit velocity £/0, yielded the Strouhal number
St=f-00/U0 = Q.Q19. A similar velocity spectrum was ob-
tained on the minor axis plane. A less conspicuous peak, at
/=2854 Hz, could be detected on this plane. This peak fre-
quency yielded a Strouhal number of 0.017. The values of
the initial Strouhal numbers on both axis planes are close to
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Fig. 8 Flame characteristics for circular and elliptical jets.

the most amplified frequency as predicted by linear instabil-
ity theory. Therefore, f—2900 Hz was identified as the initial
vortex shedding frequency /,. Since // was nearly the same
for the minor and major axes (2854 and 2913 Hz), the ex-
periments showed that the elliptical nozzle shed one single
uniform vortex in spite of the variation of 00- Morris and
Miller13 showed numerically that the shedding frequency of
the elliptic jet did not change around the jet and was not
dependent on its aspect ratio.

The frequency peaks in the elliptical jet shear layer in-
dicate that coherent structures existed even in this highly tur-
bulent flow. Similar observations were made in a high
Reynolds number circular jet.4 The peaks in the spectrum of
the circular jet were less predominant than in the elliptical
jet.

Combustion Tests
Fuel-rich plume combustion tests were performed to com-

pare circular and elliptical nozzles. The plume exhaust
velocity was subsonic.

Figure 8 shows a comparison of the flame boundary
characteristics and spreading rates of the circular and 3:1
elliptical nozzles. It is obvious that the flame of the elliptical
nozzle spread faster at the minor axis than the circular jet,
even though DMIN in this case was only about one-half of the
circular jet diameter. The photographs also show a highly
turbulent flame boundary for the elliptical jet compared to a
smooth boundary for the circular jet.

The measurement of the combustor temperature distribu-
tion Tc confirmed that the elliptical jet spread at a higher
rate than the circular jet, even in a high-velocity and high-
temperature environment. A comparison between the three
elliptical jets with aspect ratios of 2:1, 3:1, and 3.5:1 and the
circular jet is given in Fig. 9. The most significant spread
was observed in the elliptical jet with the 3:1 ratio. Both 2:1
and 3.5:1 jets have lower spreading rates in the minor axis
plane than the third elliptical jet (3:1) and the circular jet. At
X/DC = OA or X/DCIRC = 2.83, the 3:1 jet spread on the
minor axis side to the same Tc profile width as the circular
jet, although the initial diameter of the minor axis was only
about one-half of the circular jet diameter. In addition,
significant spread occurred on the major axis side. The
higher spreading rate of the 3:1 jet, relative to the other jets
(2:1 and 3.5:1) was also measured in cold-flow tests.

The centerline temperature comparison between the 3:1
elliptical jet and the circular jet is shown in Fig. 10. This
figure shows that the centerline temperature near the nozzle
(except in the first diameter from the nozzle) was signifi-
cantly higher in the elliptical jet than in the circular jet.

Discussion and Conclusion
Nonreacting and combustion tests were performed to com-

pare mixing and combustion of fuel-rich plumes issued from
circular and elliptical nozzles.

2000
T °K

* CIRCULAR JET
ELLIPTICAL JET

A I 0 , MINOR AXIS

X/DC»= 0.4

0.1 0.2 0.3 0.4 0.5 0.6

Fig. 9 Radial temperature distributions for circular and elliptical
jets.
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Fig. 10 Centerline temperature distributions for circular and ellip-
tical jets.

The nonreacting tests showed that the elliptical jet spread
faster than the circular jet, even at conditions of high
Reynolds numbers, turbulent initial conditions, and coaxial
airflow. The velocity spectra showed that the elliptical
nozzles shed a single vortex around the nozzle lip in spite of
the variation in 00 around the circumference of the nozzle
lip. Yet, the distorted mean velocity contours near the ellip-
tical nozzle exit indicated that high azimuthal modes of
vortex motion were excited. It was also observed that the
energy of the initial vortices was higher in the elliptical jet
than in the circular jet. The same qualitative result, in-
dicating more intense vortex activity in the elliptical nozzle,
was obtained from the observed flame characteristics. In the
tests with the elliptical nozzle, a highly turbulent flame
boundary in the extreme fore end of the mixing region was
observed compared to a nearly smooth flame boundary of
the circular jet. It is suggested that the more intense vortex
activity at the elliptical jet nozzle increased the fine-scale
mixing in the fore end of the mixing region and enhanced
combustion near the nozzle. This conjecture is supported by
the higher experimental combustion temperatures near the
elliptical nozzle compared to the circular nozzle. Therefore,
it appears that when using elliptical nozzles, combustion can
be achieved in regions near the nozzle exit where near-
stoichiometric mixture ratios exist. This was not possible
with circular nozzles under the same conditions. The higher
temperatures may promote higher reaction rates. The com-
parison between the three elliptical nozzles with different ec-
centricity showed that the 3:1 ratio was most effective in
enhancing mixing, in both cold- and hot-flow tests.
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