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The study presents results concerning jets exhausting from elliptic nozzles with conic centerbody plugs. A nozzle
with 3:1 ratio of exit heights is surveyed experimentally using particle image velocimetry for jet Mach numbers from
0.24 to 1.0, heated and unheated. At the exit, the nozzle inner surface has a slope of zero in the major axis plane, while
in the minor axis plane the slope is steeper than that for a corresponding round nozzle. The conic plug causes splitting
of the initial elliptic jet into two jets with their centerlines in the major-axis plane of the elliptic nozzle. Increasing M;
or total temperature causes the bifurcated potential cores of the individual jets to be slightly smaller and to diverge
from one to another at a slightly greater angle from the nozzle centerline. Large eddy simulations of the experimental
nozzle and two alternate nozzles are analyzed to find how the flow features are influenced by not forcing the jet
towards the conic plug in the minor axis plane and by changing the ratio of exit heights to 2:1. Changing nozzle shape
caused reduction in the spreading rate in the major axis and increase in spreading in the minor axis. Bifurcation

occurs for all nozzles studied.

Nomenclature
A = exitarea
a = speed of sound
cos = half width of bifurcated jet
D., = equivalent diameter, 2,/A/m
hy = major axis exit height
h, = minor axis exit height
M; = jet Mach number
NPR = nozzle pressure ratio, py/p,
Da = ambient pressure outside the jet
Do = total pressure
T, = ambient temperature outside the jet
T, = total temperature
U. = velocity in center of bifurcated jet
U; = ideal jet velocity (isentropic, quasi-one-dimensional)
Yos = half width in major axis
Zos = half width in minor axis

L

URBULENT jets comprise a class of flows of fundamental

scientific and engineering interest with wide application to
mixing, heat transfer, combustion, and acoustics. Many experimental
and numerical investigations have been carried out to study the
various characteristics of jet flows. Simple round jets have been
extensively studied experimentally and analytical expressions for the
centerline velocity decay in the self preserving region of the jet have
been derived [1-4].
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The characteristics of noncircular jets have been found to differ
significantly from axisymmetric jets. Experimental measurements
have shown that noncircular jets can develop such that their cross
sections can evolve into shapes similar to that at the nozzle exit, but
with the axes switched [5—11]. Other studies found conditions in
which this axis switching will not occur [12,13] The evolution of
elliptic jets is governed by the initial conditions at the nozzle exit. The
specific conditions that must exist in the near-field region of a
noncircular jet in order for the dynamics of vortex self induction to
lead to axis switching have been identified [13]. The vortex ring
dynamics responsible for the axis switching observed involve self
induction that is strongest where the local ring radius of curvature is
smallest. The local radius of curvature is smallest in an ellipse at the
ends of the major radii so these ends convect faster than the ends of
the minor radii leading to the distortion of the ring out of plane. For an
aspectratio of 2:1 the evolution of the rings is such that the bending of
what was originally the minor axis causes the local radius of
curvature to become smaller while what was originally the major axis
sees an increase in local radius of curvature until the two axes reverse
and the jet switches orientation. The three dimensional evolution of
the vortex rings leads the jet to engulf and entrain surrounding fluid
increasing entrainment by a factor of 8 relative to a circular jet [6].
Conditions upstream of a jet nozzle, such as those in which the cross-
section of the inlet duct changes or in any case with tabs or chevrons
will also include streamwise vortices which mutually induct one
another. This has also been shown in some cases to drive axis
switching [14].

Elliptic jets with higher aspect ratios have been observed to
perform a single axis switch followed by vortex ring splitting
(bifurcation of the jet) [8]. In these situations the ends of the vortical
rings meet, cut and connect before a second axis switch can occur.
Bifurcation has also been observed in axisymmetric jets with
combined helical and symmetric forcing if the ratio of the forcing
frequencies is near two [9].

Computational fluid dynamics has become an important tool in
investigating turbulent flowfields. Both compressible and incom-
pressible simulations have been performed on noncircular and round
turbulent jets. A variety of approaches like Reynolds-averaged
Navier—Stokes (RANS/unsteady RANS) [15], direct numerical
simulation (DNS) [16-18], large eddy simulation (LES) [19-23],
and detached eddy simulation [24] have been used. For the case of
high Reynolds number flows of practical interest DNS is still a
prohibitively expensive technique. RANS based models have
difficulty treating highly anisotropic flows and cannot predict the
flow dynamics particularly important when analyzing noncircular
jets. Inrecent decades it has been shown that LES represents the most
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realistic approach for predicting such flow situations. LES has been
successfully used to capture the vortex ring bifurcation phenomena
and to expose the vorticity geometries in the flowfield near the jet exit
for several aspect ratios of rectangular jets [22,23].

The present work represents an experimental [particle image
velocimetry (PIV)] and numerical (LES) research effort to study how
the introduction of a centerbody changes the behavior of elliptic jets.
Several important engineering problems like separate-flow exhaust
nozzles from jet engines employ nozzles that include a plug, but most
of the published work on jets is for nozzles with no plug or center-
body within their exit planes.

II. Methods and Case Formulation

Nozzle 1, sketched in Fig. 1, was used in the experiments, and
simulated with LES. This nozzle was designed to study the effect of a
centerbody on elliptic jet development including axis switching. The
centerbody is typical of one used on a jet engine exhaust nozzle. The
geometry of this elliptic nozzle has been chosen to have a nozzle

Major axis plane
Iys v

Minor axis plane

Nozzle 1

Nozzle 2

Nozzle 3

Fig. 1 Sketches of elliptical plug nozzle geometries and a picture of
nozzle 1 mounted on the rig looking upstream.

annular height at the major axis three times that of the minor axis
(h, = 3h,). The differences in exit heights forces a difference in the
exit angle of the nozzle. Thus, the exit in the minor axis inclines 21.5°
from the nozzle centerline while the exit in the major axis inclines
only 3.5° from the centerline. By comparison, an axisymmetric
nozzle with the same centerbody and having the same exit area has an
exit angle of 12° all around the nozzle. The centerbody has a half-
angle of 16° and extends 1.79D., beyond the exit plane of the nozzle.
The flow from this nozzle was found to bifurcate for all conditions.
The centerbody shown in Fig. 1 is attached to an upstream support
which is cylindrical in shape and tangent at the mating surface. The
upstream end of this support has a hemispheric surface. The
centerbody support is fixed in place by four support pylons with low
drag symmetrical airfoil sections. When PIV of the same centerbody
was tested with a round nozzle the wakes of the four supports were
indiscernible. The supply piping for the nozzle contains flow
straightening and stilling screens. Velocities within the stilling
chamber were measured for the cold jet case and found to be nearly
constant across the radius of the stilling chamber. This section is
followed by fifth-order-polynomial contraction which feeds the noz-
zles. Further details of the conditions upstream are available in [25].

To better understand this bifurcating behavior two additional
geometries were simulated with LES. It was originally conjectured
that the bifurcation might be caused by the significant inward radial
velocity imposed in the minor axis by the contour of the nozzle inner
surface which is steeper that it would be for a corresponding round
nozzle (i.e. 21.5° for the elliptic nozzle as opposed to 12°). To explore
this idea a LES case was set up with the nozzle having the same exit
area, but with the negative radial component of velocity reduced so
that the flow in the minor axis plane emerges parallel to the
centerbody surface at a 16° angle with reference to the centerline of
the nozzle. This case was named as nozzle 2 and the sketch of the
nozzle is shown in Fig. 1.

To examine the possibility that the bifurcation was caused by
excessive aspect ratio a third case was constructed. Nozzle 3 was
designed to have an exit radial velocity profile similar to nozzle 2, but
to have an aspect ratio of 2:1 (1, = 2h,). As in the case of nozzle 2
configuration, the flow in the minor axis plane emerges parallel to the
centerbody surface at an angle of 16° while the flow in the major axis
plane emerges almost parallel with the centerline of the nozzle at an
angle of only 3.5° from the centerline. A sketch for nozzle 3 is also
depicted in Fig. 1.

Experimentally, nozzle 1 was operated cold (7, /T, = 1.0) and hot
(Ty/T, = 1.26) with nozzle pressure ratios (NPRs) from 1.04 up to
1.89, giving jet Mach numbers, M; of 0.24 to 1.0. These cases were
measured using PIV. Reynolds numbers based on equivalent
diameter range from 0.21 million to 1.05 million. LES was run on all
three nozzles to calculate the turbulent flow associated with the hot jet
case at the NPR of 1.8 giving an M; of 0.96. Comparisons have been
made between the experiments and the LES results for nozzle 1 case.
Both experimental and numerical methodologies are described in the
present section.

A. Experimental Facility and Procedure

The Gas Dynamics and Propulsion Laboratory at the University of
Cincinnati has a scale model of a separate-flow jet engine exhaust
system. For the present experiment a new elliptic nozzle has been
designed and manufactured to mate with this existing and proven
apparatus. This model is fed from a compressed air supply and the
incoming air can be heated through a steam-to-air heat exchanger.
The secondary flow nozzle is used only to supply seed for the PIV
system. The secondary flow Mach number is in all cases negligible.

The principal tool used in the experimental investigation is a
LaVision Stereoscopic PIV system. This instrument has been
employed on the jet model previously and has proven effective at
capturing three-component velocity measurements in any number of
cross-stream planes. By measuring an entire plane simultaneously
one eliminates one source of measurement error; when using
constant temperature anemometry or pitot measurements the set-
point of the jet will inevitably drift slightly while the probe is
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scanning the entire flowfield point by point. This superimposes
“tunnel drift” on top of the actual spatial variation in velocity field
under study. By making a single-shot simultaneous planar mea-
surement, this drift is eliminated for an entire cross cut.

The PIV system is set up with the laser casting a light sheet in a
plane normal to the nozzle axis. Two laser pulses are generated
separated by 2 ps. Two cameras are mounted outside the jet and tilted
toward the axis so that they each view the illuminated sheet from an
angle 45° from the sheet normal. Schiempflug adapters were
employed to bring illuminated plane into focus. Each camera then
resolves two components of velocity normal to its own angle of view.
The resulting four components (two from each camera) are then
projected onto the three normal components of the jet’s coordinate
system. It is extremely unlikely that a spurious vector generated from
one camera will be compatible with the corresponding vector from
the other, so the four-to-three mapping serves as a filter to remove
spurious vectors. The PIV system takes multiple pairs of images at a
rate of five pairs per second. Five hundred image pairs are taken in
every case except M; = 1.00, T,/T, = 1.00 for which 200 pairs
were taken. The pixel size was 80 x 80 pum. The maximum dis-
placement was 6.2 pixels. Taking a conservative estimate of
0.1 pixels for the uncertainty in displacement measured gives 1.6%
uncertainty. This amounts to 5.6 m/s. The data was processed with
an iterative procedure beginning with an integration window size of
64 x 64 pixels and refining this down to 4 x 4 pixels with a 50%
overlap.

The entire PIV suite, laser and both cameras are mounted on a
traverse which allows the system to be translated, undisturbed, to any
streamwise location allowing many cross cuts to be measured
without the loss of time in changing setups and without the uncer-
tainties which come from repeated adjustment of components.

B. Numerical Procedure

The unsteady LES numerical flow calculations were performed
for all three nozzles considered under the hot jet condition
(Ty/T,=1.26) at the NPR of 1.8 (M;=0.96). The non-
dimensionalized flow governing equations, namely continuity,
momentum, and energy equations are discretized on a Cartesian,
staggered grid using finite-differences. High order finite-differences
are used for the spatial discretization of the momentum equations,
where the convective terms are discretized with a third order accurate
upwind scheme [26] while the diffusive terms are discretized with a
fourth-order central finite difference scheme. Second-order schemes
are used for the spatial discretization of the energy equation. The
integration in time of the momentum equations is done through a
second-order implicit scheme. The coupling between the velocity
field and the pressure field is strong, since an iterative pressure-
correction method with simultaneous velocity and pressure update is
employed. The temporal discretization of the energy equation is
performed with an explicit, three-step, low-storage Runge—Kutta
scheme. The numerical efficiency is enhanced by using local mesh
refinements in regions with large gradients in flow variables and by
solving the problem at each time step using a fast multigrid method.
The blocked-cell approach is used to handle nozzle’s geometry [27].

Turbulence is modeled based on the LES approach without the
explicit modeling of the subgrid scale (SGS) terms. Instead, the
dissipation of the numerical scheme accounts for the SGS dissipation
at the level of the smallest turbulent scales. Using the present
approach, it has been shown that one may use different SGS models
(such as the germano like dynamic, differential dynamic, or scale
similarity) with the general result that the most important factor is
grid resolution rather than the specific SGS model. Comparisons
between the results obtained with and without explicit (different)
SGS terms have shown that, for sufficiently fine grid resolution, the
SGS terms may be neglected [28]. The grid resolution effect on the
numerical solution has previously been addressed for a jet exhausting
an axisymmetric coaxial nozzle with centerbody having the same
core-stream exit area and similar conditions imposed for the core-
stream jet as are used in this study [29]. Significant differences
(above 10%) were observed between the results obtained on the

Fig. 2 Lateral view of the computational grid describing the elliptic
nozzle with centerbody (nozzle 1).

coarsest grid and the results computed on the two finer ones. The
results obtained with the intermediate grid and with the finest one
were close to each other, suggesting that grid convergence had been
achieved. The finest Cartesian grid used in the grid sensitivity study
[29] is employed here to discretize the computational domain. The
presented methodology has been successfully applied in past for
studying turbulent flows [20,30,31].

Details of the computational Cartesian grid generated around of
the 3:1 elliptic nozzle (nozzle 1) are presented in Fig. 2. The
computational domain (about 6 x 10% computational cells, with local
mesh refinements) has a square cross-section of roughly 15D, x
15D, and a length of 30D,,. In the present computations the inlet,
outlet and wall boundary conditions are used for solving the
flowfield. Additionally, initial conditions must be specified at the
beginning of the computations. Inlet boundary conditions were
constant values for the flow velocity and temperature. At the solid
surfaces, no-slip boundary conditions for the velocity and constant
value for temperature are set. A flux conserving, zero-gradient
boundary condition is applied at the outlet of the computational
domain. The LES results were statistically averaged for a period of
30,000 time steps corresponding to approximately 15 flow-through
times, achieving a converged solution at each time step.

III. Results

Across the entire range of velocities and temperatures examined,
the gross character of the flow is the same. In every case the main
stream bifurcates into two jets. By the end of the centerbody tip the
potential core splits completely and the two potential regions
generated diverge as the jet spreads. There are subtle differences in
the core length and spreading rate depending on temperature and
NPR, but the overall behavior is similar for all conditions considered.

A. PIV and LES Data Comparison

Figure 3 shows contours of normalized mean axial velocity as
measured by PIV for nozzle 1, M; = 0.96 and T,,/T, = 1.26. The
contours are in planes normal to the nozzle axis and located at
X/Deq =227, x/Deq = 3.23, and x/D.q = 4.19 in the streamwise
direction from the nozzle exit plane. The data are normalized by U,
the ideal jet velocity at the exit. A corresponding three-dimensional
visualization of the jet calculated by LES is presented in Fig. 4.

LES prediction and PIV measurement data are compared for this
same case (nozzle 1) in Figs. 5 and 6. Figure 5 shows the mean
normalized axial velocity profiles (u/U;) extracted at different
downstream locations from the nozzle exit in the major axis plane
(subfigure a) and in the minor axis plane (subfigure b). The LES
captures the jet behavior observed in the PIV. The jet bifurcates in the
major axis just downstream of the centerbody tip and the two
potential core regions diverge as the jet spreads. The normalized root
mean square (RMS) of the axial velocity («'/U;) in the major and
minor-planes are presented in Fig. 6. In the major-axis plane, shown
in Fig. 6a the four peaks in the RMS values show where the generated
shear layers are located and are again an indication of the fact that the
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Fig. 3 Normalized mean axial velocity contours (z/U;) as measured by
PIV in planes normal to the nozzle axis at three different locations from
the nozzle exit plane, M; =0.96, T,/T, =1.26: a) x/D. =2.27,
b) x/D.q =3.23,and ¢) x/D., = 4.19.

primary jet splits into two separated jets. In Fig. 6b itis shown that in
the minor axis-plane the RMS values of axial velocity present
similarities with that of a single stream jet.

Differences between the experimental data and the LES are due to
the boundary conditions applied in the calculations at the inlet plane.
In the computations a constant (top-hat shape) velocity profile is
used, without turbulent fluctuations. In addition, the confinement
effects associated with LES may explain why in the experiments the
jet spreads faster than in the simulations. This results in a faster decay
of turbulence quantities in the downstream region of the jet. The
slight asymmetry in the experimental data in the minor axis plane is
due to a slight drooping of the centerbody under its own weight.

The fluid flow dynamics and the vortical scales developed in the
turbulent flowfield as captured by the LES are depicted in Figs. 7a
and 7b. The cores of the vortical structures depicted in Fig. 7a were
identified by using the A, vortex visualization method [32], while the
vorticity magnitude isocontours shown in Fig. 7b were extracted at
several cross-sectional planes downstream of the centerbody tip.
Pairs of vortical rings are visible in the major axis plane just
downstream of the nozzle. Closer to the nozzle, higher levels of
vorticity were found in the shear-layer generated between the high
velocity stream and the ambient air, surrounding the bifurcated jet.

b)

©)
Fig. 4 Normalized time-averaged velocity distributions calculated by
LES (nozzle 1): a) cross-sectional planes at different downstream
locations from the inlet plane, b) minor-axis plane, and ¢) major-axis
plane.

Similar vortical rings have been identified by using LES in 4:1
aspect ratio rectangular free jets after an initial axis switch [22,23].
These numerical studies of vortex ring dynamics show that as the
bifurcation progresses, global self-deformation may occur and where
higher curvature regions of the vortex near the major axis move
downstream faster than the lower curvature regions near the minor
axis, As a consequence, the major axis portions move toward each
other and, the minor axis portions of the vortices move away from
each other. This evolution of the rings will eventually lead to the
collision of the portions of the vortical rings which were originally
near the major axis. Vortex ring bifurcation has been observed
experimentally in elliptic jets with aspect ratios above 3.5 but only
after the jet initially changed axis [8]. In the present study the jet
bifurcation occurs just downstream of the nozzle plug without an
initial axis switching, the vortical structures having the same
orientation as the elliptic nozzle.

Itis customary to track the decay of ajet by tracking the decay of its
centerline velocity. Since the potential cores of the bifurcated jets do
not follow the nozzle axis, it does not make sense to track the
centerline of the nozzle as an indicator of this jet’s decay. The velocity
that must be tracked instead, U,., should follow the center of the
potential core region. Since the nozzle and the jet are symmetric in
the nozzle’s major and minor axis planes, and since the bifurcated
cores remain in the major axis plane, the location of U, may be
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Fig. 5 Normalized mean axial velocity, M; =0.96, T,/T, =1.26:
a) major axis plane and b) minor axis plane.

identified by a single parameter, y., which is a function only of x.
More rigorous definitions of U, and y, are deferred to Sec. IIL.B, but
let it be noted here, that y, is a linear function of x, so y =y, forms a
plane, and while there is no symmetry about the plane y =y, itis in
some ways analogous to a minor axis plane for the bifurcated jet.

The decay of U, is shown in Fig. 8. The agreement between PIV
and LES is excellent. Both PIV and LES show no decay in center
velocity until past 3.23D,,. The experimental data shows velocity
decay beginning at 3.7D,,, and LES shows that the rate of decay is
much higher than the plane elliptic jets reported by Ho and Gutmark
[6] or Hussain and Husain [8].

The spreading of the jet in both major axis and minor axis planes is
shown in Fig. 9a, and is compared with the 4:1 elliptic nozzle
presented by Hussain and Husain [8] which shows a switch of axes at
x/Deq = 1.95 before bifurcation and in Fig. 9b is compared with
cases where axis switching occurs without bifurcation of the jet. The
agreement between PIV and LES is good. The jet spreads and
bifurcates without first undergoing a switch of axes.

The entrainment of the jet is plotted in Fig. 10, where Q is the
volume flow rate at a given streamwise location, x and Q represents
the volume flow rate leaving the nozzle. Thus, (Q — Q,)/Q, gives a
measure of the entrainment or mixing. Entrainment was integrated
over the region plotted in Fig. 3. It can be seen that the entrainment of
this jet is similar to that of a round or square jet [6], and a 3:1 ellipse or
3:1 rectangular jet without axis switching [12] but is significantly less
than that of a jet undergoing axis switching as Ho and Gutmark’s 2:1
elliptic jet did [6].
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Fig. 6 Normalized RMS of axial velocity. M; = 0.96, T, /T, = 1.26:
a) major axis plane and b) minor axis plane.

B. Effects of Mach Number and Temperature

Measurements for a broad range of Mach numbers were taken in a
plane normal to the axis at x/ D, = 2.03. Figure 11 depicts the major
axis normalized velocity profiles measured at this axial position over
arange of Mach numbers from 0.24 to 1.00. There are no significant
differences between the profiles at this location for any Mach
numbers in the broad range considered.

The development of the jet in the major axis plane as it mixes past
the centerbody tip is illustrated in Figs. 12a and 12b for 2 M numbers
(M;=0.78 and M; =0.98). In both cases the jet was heated
(Ty/T, = 1.26). Symbols are shown at every tenth measurement
location with solid lines filling in the remaining data points. In these
figures the cross-stream distance, y, is nondimensionalized by y, s.
The y, 5 distance is defined as the y location in the major axis plane
where the velocity magnitude U falls to half of U, the “center”
velocity. The center in this case is not along the nozzle axis, but is
rather the centerline of the bifurcated jet. By inspecting Fig. 12 it is
found that this center lies at y. = 0.6 @ y,s. This is obviously a
circular definition so one must iterate to find y, s, y. and U,. The
highest velocity observed at a given value of x is taken as an initial
estimate of U,.. One can then find y, s and define y. = 0.6 @ y, 5. The
nextestimate of U, is then taken as the valueof U aty = y.and z = 0.
The process is then repeated until successive estimates of U, have
converged to within 0.25 m/s. Similarly z; 5 is defined as the value of
zat which U/U, = 0.5 in the minor axis and ¢ 5 as the value of z at
which U/U,. = 0.5,and y = y,. U, as a function of x/ D, is shown
in Fig. 8 and discussed. The evolution of y, s, yo 5 and ¢, 5 are shown
and discussed next.
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Pairs of vortical
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b)
Fig. 7 Snapshots of the structures in the flowfield as captured by LES:
a) three-dimensional vortical structures in the flowfield and
b) normalized vorticity magnitude isocontours in several cross-sectional
planes downstream of the centerbody tip.

Examination of Figs. 12a and 12b shows there is a minimum that
develops at x/D.q = 2.75 and y/y,s = 0.05. As the flow further
develops it deepens and moves outward, settling at y/y,s = 0.13 by
x/Deq = 3.71. As the potential region shrinks it converges to a point
y =y, which lies at y/y,5 = 0.6. This is taken to be the center of
each bifurcated jet, and the center velocity U.. is taken to be here.

The corresponding velocity profiles in the minor axis plane for the
2 M numbers of M; = 0.78 and 0.96, both heated jets with T, /T, =
1.26 are shown in Figs. 13a and 13b. Again symbols are only shown
for every tenth point with solid lines filling in between. Nearest the
centerbody tip at x/ D, = 2.27 the wake of the centerbody generates
a minimum at z/zgs = 0. By x/D.q = 3.23 this wake is extinct.
Between x/D.q = 2.27 and 3.23 the outer shear layer becomes less
steep until by x/ D, = 3.23 is settles into a self-similar shape.

Figure 14 shows the development of the velocity contours in the
plane y = y.. This is analogous to a minor axis plane of one of the
bifurcated jets. Again 2 M numbers are presented (M; = 0.78 and
0.96), both with T,/T, = 1.26. Initially there is a significant flat
region around z/zgs = 0. By x/Dq = 3.23 the flat region is very
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Fig. 9 Jet spreading for M; = 0.96, T, /T, = 1.26: a) compared with
another bifurcating case and b) compared with axis switching cases.

small and the contours farther away have settled into a self-similar
behavior when scaled by zj 5.

The behavior of the scaling parameters y, s, zo 5 and ¢ 5 are shown
in Figs. 15a—15c. These parameters are used to track the spread of the
jet. The heated jet, with T,,/T, = 1.26 is shown with solid symbols
and the unheated jet, T;,/T, = 1.0 is shown with open symbols.
Measurements were taken at all streamwise locations for two of the
heated cases, M; = 0.78 and M; = 0.96. For these two cases curves
are fitted to the data. In subfigure (a) the curves are best-fit lines. In (b)
and (c) they are splines fitted through the points.

Figure 15a shows that the overall spreading rate in the major axis
plane is linear. It can be seen that at all locations the jet becomes
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Fig. 10 Entrainment ratio for M; = 0.96, T, /T, = 1.26 compared with
other jets without any centerbody.
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range of jet Mach numbers (every 10th point plotted).

narrower as the Mach number is increased and also as the total
temperature is increased. For the M; =0.78 heated case the jet
spreads at 7.9° from a virtual origin at x/D., = —5.6. For the
M ; = 0.96 heated case the spreading rate is lower at 7.6° and comes
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Fig. 12 Normalized mean axial velocity in the major axis as the jet
develops downstream: a) M; =0.78, T,/T, = 1.26 and b) M; = 0.96,
T,/T, =1.26.
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Fig. 13 Normalized mean axial velocity in the minor axis as the jet
develops downstream: a) M; = 0.78, T,/T, = 1.26 and b) M; = 0.96,
T,/T, =1.26.

from a virtual origin that is farther upstream of the nozzle exit at
x/Deg = —5.8.

The spreading in the minor axis plane is shown in Fig. 15b. The
overall trend in the minor axis is for the jet to spread. There is an
inflexion point in the vicinity of x/D., = 3.8 where this spreading
pauses and then continues. Increasing Mach number causes the jet to
become wider in the minor axis, as does increasing the stagnation
temperature.

Since the jet has bifurcated it makes sense to look at the spread of
each bifurcated jet along the plane y = y... This plane passes through
the center of one of the bifurcated jets, normal to the nozzle major
axis. It is analogous to a minor axis of one of the bifurcated jets as it
develops. The spread in this plane is tracked by ¢, 5 and is shown in
Fig. 15c. The overall trend is for the jet to contract initially, to reach a
minimum at around x/D., = 3.8 and then to begin spreading. There
is no uniform trend with Mach number or stagnation temperature. At
x/Deq = 2.03 the jet is narrowest at M; = 1.00, broader at M; =
0.78 and broader still at M; = 0.96. At x/D.q = 2.27 and 2.75 all
points collapse on one another. At x/D,, = 3.23 all conditions
collapse on two points. All the heated conditions and the unheated
case at M; =0.96 have cs/D., = 0.241, while two unheated
cases, M;=0.78 and 1.00 collapse to cgs/D.q = 0.247. For
x/Deq =3.71, 4.67 and 5.15 the spread is greater for lower Mach
number, but for x/D., =4.19 all points again collapse, and for
X/Deq = 4.67 the M; =1.00 case collapses upon the M; =0.78
case giving no monotonic trend.
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temperature increases the jet velocity it begs the question if this is X/Dgq
purely a velocity effect. To examine this question y,s/D.q as a )

function of U; is plotted in Fig. 16 for the two locations where both
hot and cold cases were measured, x/D., = 3.23 and 4.19. For
x/Dq = 3.23 the heated and unheated cases appear to lie on different
lines, suggesting that Mach number and total temperature have
independent effects on spreading. At x/D., = 4.19 it is less clear
whether heated and unheated cases might align.

C. LES of Alternate Nozzle Configurations

To better understand the bifurcating behavior of the jet from
nozzle 1, two additional nozzles (nozzle 2 and nozzle 3) were
simulated by LES (see also Fig. 1). Both were analyzed under the
heated condition (7,,/T, = 1.26) with a NPR of 1.8, giving a jet
Mach number (M) of 0.96.

It was originally conjectured that the bifurcation might be caused
by the significant inward radial velocity imposed in the minor axis by
the inner contour of the nozzle surface. To explore this idea nozzle 2
was generated with the same exit area, but with the negative radial
component of velocity reduced so that the flow in the minor axis
plane emerges parallel to the centerbody surface.

Hussain and Husain observed bifurcation in plain elliptic jets, but
only those with aspect ratios greater than four and only after a single
switch of axes [8]. (For lower aspect ratios they observed repeated
axis switches.) The behavior of the present jet is different in that it

Fig. 15 Jet spreading with axial distance: a) spread of y, 5, b) spread of
Zo.5, and c¢) spread of ¢ s.
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Fig. 16 Major axis width as a function of jet velocity at x/D., = 3.23
and 4.19; legend as in Fig. 15.
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plane and b) minor axis plane.

does not perform an axis switch before bifurcating, but the
observations of Hussain and Husain nevertheless suggest that a lower
aspect ratio nozzle might not generate a bifurcated jet, so a third 2:1
elliptic nozzle with a round centerbody and without the inward
forcing of the flow stream towards the conic plug (nozzle 3) was
considered using LES.

Comparisons between the normalized time-averaged axial
velocities (u/U;) calculated by LES are presented for all three
elliptic plug nozzles in Figs. 17a and 17b, while the corresponding
plots of normalized RMS values of axial velocity (u'/U;) are
depicted in Figs. 18a and 18b. The data were extracted along both
major and minor axes at four different positions downstream from the

nozzle exit (2.27D., 3.23D,y, 5.15D, and 12.79D ). It was found
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with LES for nozzle 1, nozzle 2, and nozzle 3 configurations: a) major axis
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that the jet with large negative radial velocity in the minor axis,
nozzle 1, spreads the most in the major axis plane and spreads the
least in the minor axis plane. Allowing the flow to exit parallel to the
plug in the minor axis plane (nozzles 2 and 3) resulted in increased jet
spreading in the minor axis and decreased spreading of the jet in the
major axis plane as compared with nozzle 1 case.

The spreading of the jet in major and minor axes is shown in
Fig. 19. The data show that the axis switching does not occur for
any of the configurations analyzed in this study. The nozzle 3 case
generated a jet that has the largest spreading in the minor axis
plane and the lowest in the major axis plane of all considered
geometries.

IV. Conclusions

A plug nozzle with a 3:1 ratio of exit heights might be expected to
produce an elliptic jet with a 3:1 aspect ratio. Such a jet might then be
expected to undergo axis switching and produce very strong mixing
as aresult. For aspect ratios below 4:1 Hussain and Husain [§] found
axis switching to be the dominant behavior of elliptic jets.
Bifurcation is the expected behavior of elliptic jets of aspect ratios
above 4:1. So in one sense, it might appear that the introduction of a
centerbody had increased the effective aspect ratio of our elliptic jet,
but there is more to it than that.

The bifurcation mechanism seen for this jet is clearly different
from that observed by Hussain and Husain [8] in that there is no axis
switch before the bifurcation. For the 4:1 jet Hussain and Husain
observed a single axis switch before bifurcation, and the bifurcated
jets spread in their nozzle’s minor axis plane. Here it was
demonstrated that the present elliptic nozzle with centerbody plug
produces no initial axis switch and the jet width in the major axis
plane is much greater than the width in the minor axis plane at all
locations.

Shortly past the end of the centerbody tip at x/D., = 1.79 the
shear layer from the elliptical nozzle and the boundary layer wake
from the centerbody have merged. There is some three-dimensional
evolution of the vortex rings as shown in the LES results, but the
dominant cause of bifurcation is likely to be the merger of these two
shear layers.

One possible mechanism considered was that not only the growth
and merger of the inner boundary layer and outer shear layer, but also
the driving of the shear layer into the plug by an initial inward
component of velocity. LES of the nozzle 2 configuration showed
that this was not the cause. Nozzle 2 duplicated most of the
conditions of nozzle 1, but altered the inward forcing due to the shape
of the nozzle inner contour at the minor axis. The inner contour was
reshaped to cause the jet to exit the nozzle without a large inward
component of velocity. In this case the jet bifurcated nonetheless.

A second mechanism considered was that the aspect ratio might be
high enough to force bifurcation. Nozzle 3 simulated in LES reveals
that a substantial reduction in the aspect ratio of the jet alters the
degree of spreading in the major axis plane, but that the jet still
bifurcates.

The LES calculations supported the experimental measurements
and observations in the case of nozzle 1. A fair agreement was found
between the LES predictions and the PIV measured data. LES will be
further used for investigating different aspect ratios elliptic nozzles
and configurations under the same flow conditions.
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