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A qualitative and quantitative comparison between unforced flows emanating from equivalent geometries of
axisymmetric (circular) and square coaxial nozzles is presented. The initial state of the jets is turbulent, as in
nozzles relevant to practical applications. Flow visualization and velocity measurements were performed at a
coflow-jet Reynolds number of 1.9 X 10* and at an inner-to-outer jet velocity ratio of 0.3. Scaling of mean velocity
and turbulence profiles has been examined for the three shear layers formed in the near field of axisymmetric and
square coaxial flows. Visualizations and local velocity measurements have indicated modest mixing enhancement
when square nozzles are used compared to the axisymmetric ones, and this is largely attributed to differences
in initial velocity profiles between these two configurations. Low-coherence, large-scale periodic structures were
observed for both nozzle configurations in the midfield of the inner mixing region, which has wake characteristics.
The outer mixing region, which is initially highly turbulent, shows no signs of an “indigenous” organized structure.
The spectral characteristics of the circular and square nozzle combinations are qualitatively similar. However, the
discrete frequency peaks associated with the wake of the inner mixing region are much broader in the case of the
square nozzles. More important, the dominant frequency at the end of the midfield within the inner mixing region
is lower in the case of the square nozzles compared to that of the circular ones. Spectra from the turbulent shear
layers of the middle mixing region in the near field indicate the presence of a short-lived shear layer preferred mode
at a much higher frequency than the one associated with the subsequent development of the wake downstream.
The existence of axis switching, a phenomenon observed in single nonaxisymmetric nozzles, is not evident from
visualizations and measurements in the square coaxial nozzle, presumably due to the initial low coherence of large-

scale structures in the shear layers.

Nomenclature
= amplitude
hydraulic diameter or length scale
frequency
Reynolds number
mean velocity
rms velocity fluctuation
streamwise coordinate
cross-stream coordinate
mean velocity difference across
the shear layer at its origin
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= dimensionless cross-stream coordinate
(shear-layer scaling)
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Subscripts

avg = arithmetic average of inner and outer
jet flow peak values

centerline value

outer dimension of inner nozzle

maximum

cl =
i0 =
max =
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min = minimum
o = outer jet quantity
00 = outer nozzle dimension

0.1 = mean velocity is 10% of the shear-layer
velocity difference

0.5 = mean velocity is 50% of the shear-layer
velocity difference
0.9 = mean velocity is 90% of the shear-layer

velocity difference

Introduction

OAXIAL nozzles are an integral part of many engineeringsys-

tems where mixing of differentfluid streams is required. They
are used to provide mixing between fuel and oxidizerin combustors
of propulsionsystems and power-producing gas-turbinesystems, as
well as waste combustion and incineration systems. Single noncir-
cular nozzles have been shown to have better mixing characteristics
than their axisymmetric counterparts. Therefore, combinations of
such nozzles into coaxial configurations is promising. The present
work aims at qualitatively and quantitatively investigating the near-
field flow structure of square coaxial nozzles relative to equivalent
axisymmetric coaxial jets under turbulent initial conditions, which
are more typical of practical nozzles.

A good deal of work on circular coaxial nozzles has been per-
formed as described in a series of papers. Ko and Kwan! provide
information about the velocity and turbulence fields of coaxial jets
with differentinner to annularair velocityratios A. Subsequent work
by Ko and Au? has examined mean flow and turbulence scaling for
the same flows. A thorough flow visualizationstudy by Dahm et al >
shows the large-scale vortical structures and their interactions for
various A at low Reynolds numbers. Tang and Ko* studied forced
coaxial jets for a velocity ratio of 0.3 and showed that the initial
region of the jet plays an important role in the downstream devel-
opment of large-scale structures.
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Regarding noncircular nozzles, several configurations have been
researched to date for a single jet, including rectangular/square,
triangular, lobed, and elliptic.

The rectangular and square nozzles produce noncircular vor-
tex rings at the exit, which then deform and, under certain con-
ditions, can lead to a switching of the jet axis. The axis switching
is caused primarily by deformation and self-induction in regions
of high curvature on the vortex ring produced by the sharp cor-
ners of the nozzle and depends on the initial velocity and vortic-
ity characteristics? Early studies by Sforza et al.,’ Trentacoste and
Sforza,” and duPlessis et al.3 investigated square jets, but no insight
was given to the underlying fundamental behavior of the square jet
vortical interactions. Quinn and Militzer” showed that the square jet
had faster spreading rates at similar distances from the exit as com-
pared to an equivalent circular jet. A detailed numerical simulation
by Grinsteinet al.,'° accompaniedby an experimentalinvestigation,
illustrated that the axis switching is due to self-induction governed
by the Biot-Savart law with hairpin vortices developing along the
diagonals of the square jets. Their study also highlighted the ef-
fect of initial conditions and concluded that azimuthal uniformity in
shear-layer momentum thickness, low small-scale turbulence lev-
els, and a high level of shear-layer large-scale structure at the exit
are favorable to the development of axis switching. Off-center ve-
locity peaks (vena contracta effect) have been observed by Quinn!!
for a square slot orifice exit, which also favored the developmentof
axis switching.Zaman’s” study of rectangularjets, with and without
tabs, has also provided valuable insight into the role of initial con-
ditions and streamwise vorticity in promoting or suppressing axis
switching through coupling with azimuthal vorticity dynamics.

The triangular jet has also been investigated by Schadow et al.!2
The process of self-inductionin the corners of the triangle produced
enhanced mixing in that region. The flow results were different
for triangular orifice exits or pipe/nozzle, emphasizing the impor-
tance of initial conditions. A numerical and experimental study by
Koshigoe et al.!* explained the differences and formulated condi-
tions for which axis switching occurs. Enhancementin the fine-scale
mixing and combustion stability in the corner regions of the trian-
gular jet were verified by Schadow et al.'* Large-scale mixing was
accomplished on the flat sides with reduced pressure oscillationsas
compared to the circular jet.

Elliptic jets have been studied extensively, exhibiting axis
switching and self-inductioncharacteristicsas in triangularand rect-
angularjets.Indeed, Husain and Hussain'®~!® have identified and de-
scribed the axis-switching mechanism and its relation to azimuthal
vortex dynamics, providing the basis for similar interpretations in
other geometries. In terms of mixing enhancement, Gutmark and
Ho' have documented entrainmentrates in 2:1 elliptic jets that are
eight times higher than a similar circular jet.

Although single noncircular nozzles have been shown to be
promising in terms of improved mixing, coaxial configurations of
such nozzles have hardly been studied. Bitting et al.?® presented
flow visualization results for various combinations of noncircular
(square, triangular, lobed) and axisymmetric coaxial nozzles for
various intermediate Reynolds numbers and low velocity ratios
and made preliminary comparisons between circular and square
geometries?! In this paper, we have studied the flow structure of
a square coaxial nozzle at a single coflow Reynolds number and
two inner-jet velocity ratios and have compared the results with the
corresponding axisymmetric coaxial jet flows.
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Experimental Setup and Methods

The testfacility used for this study incorporatesa modular design
that allows easy exchange of inner and outer nozzles with differ-
ent lip geometries. The test facility uses two independent airflow
supplies. Four 25.4-mm (1-in.) lines provide air to the inner nozzle,
and eight 6.35-mm (%-in.) lines provide air to the outer nozzle. On
each main supply line, an orifice flow meter is used to determine
the airflow rate. Valved, bypass ports allow the use of part of the
metered air streams for seeding purposes. The inner jet flow passes
through a flow-straighteninghoneycomb screen before entering the
jet contraction with a contraction ratio of approximately 19:1. The
outer jet flow reaches the outer jet through an annular passage with

a contraction ratio of approximately 8:1. No attempt was made to
condition the flow in either nozzle, other than the flow straight-
ener of the inner flow, as would be the case in a practical situation.
Furthermore, the flow conditions were selected so that the estimated
shear-layermodes at the exit would notresonate with acousticmodes
of the facility, which would be tantamount to “passive” forcing of
the shear-layer, large-scale structure.

A circular coaxial nozzle with an inner diameter of 15.24 mm
(0.6 in.) and an outer diameter of 38.1 mm (1.5 in.) has been used
as the baseline nozzle for the square, coaxial nozzle flow study.
With the preceding dimensions, the hydraulic (effective) diameter
of the inner jet and outer jet is 15.24 and 19.05 mm, respectively.
For the square nozzles, the hydraulic diameters are the same as for
the circular jet for proper near-field comparisons between the two
nozzles. The inner-to-outer-arearatio is preservedat0.213.Note that
matching the hydraulic diameters between the circular and square
nozzles was deemed appropriate for the near-field comparisons of
the present study. The reasoning behind this is that the flow in the
near field is influenced by the conditions at the exit, which are a
product of an internal flow. Thus, the hydraulic diameter is more
relevant to the near field.?! The traditional matching of nozzle flow
areas is more relevant to the far field.

Visualizations have been carried out using a pulsed laser sheet
and seeding with TiCly, which, on reaction with moisture produces
fine submicrometerTiO, particles. A summary of seeding strategies
that have been used to visualize selectively the shear layers in the
near field of the nozzles are presented in Table 1. Instantaneous
and time-averaged cuts have been made with a laser sheet from a
Nd-YAG laser pulsingat 10 Hz. Visualizationson a horizontal plane
(perpendicularto the jet axis) have also been carried out at various
distances form the jet exit. These were achieved by a horizontal
laser sheet and a mirror positioned above it at an angle of 45 deg
with respect to the vertical jet axis. Thus, the top-view image was
reflected horizontally into the receiving camera lens. The distance
between the mirror and the exit of the jet was adequately large to
avoid interference with the flow. Short (10-ns) exposureshave been
taken with a high-resolution Kodak charge-coupled device (CCD)
array (3060 x 2036) camera, to visualize the instantaneousstructure
of the jets, whereas long exposures (2 s) have been used to provide a
20-realizationaverage of the mixing regions. The resolution of the
visualization images ranged from 63 pm/pixel for the side views
(streamwise planes) to 33 pm/pixel for the top views (cross-stream
planes).

Constant-temperature anemometry (CTA) measurements were
carried out using a properly calibrated single-element probe with
a spatial resolution of 2.7% of the outer hydraulic diameter (sens-
ing length of 0.508 mm). The sensor was oriented parallel to the
direction of traverse and perpendicularto the dominant direction of
the airflow. The directions of the traverses used to determine veloc-
ity profiles across the jets are shown in Fig. 1. Data were collected
using the TSI IFA300 system with a sampling rate of 10,000 Hz,

Table1 Seeding strategy for visualization of the various mixing
regions of the coaxial jets

Visualization
Strategy no. domain/airstream Inner Outer  Ambient
1 Inner and outer jet shear H,O (v) TiCly H,0 (v)
regions combined
2 Outer jet shear regions only Dry air  TiCly  HyO (v)
3 Inner jet shear regions only TiCly; H;O(v) H0 (v)
4 Merged outer shear regions ~ TiCly ~ Dry Air  H,O (v)
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Fig.1 Laser sheet cuts and hot-wire traverses.
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low-pass filter cutoff of 5000 Hz, and sample size of 10,000 points
for mean flow and turbulence intensity measurements. The velocity
resolution was approximately 0.1 m/s (or 0.8% of the outer flow
average velocity) with an accuracy of the same magnitude. Velocity
spectrawere acquired along the jet centerlineand in the shear layers
at the location of maximum turbulent rms fluctuation. The sample
size was increased to 256,000, and the spectra were calculated for
blocks of 10,000 points with 50% overlap and ensemble averaged
over approximately 50 blocks.

Results and Discussion

The visualizationresults and local quantitative measurements to
be presented here are from axisymmetric and square coaxial nozzle
flows at an outer flow Reg=1.9 x 10*. This Reynolds number is
based on the outer nozzle hydraulic diameter and average velocity.
The inner-to-outer jet average velocity ratio A was 0.3.

Flow Visualizations

An instantaneousplanar flow visualizationalong the center plane
of the squarecoaxialnozzleis showninFig. 2. This visualizationwas
achieved through strategy 1 (Table 1) and reveals the fine structure
of the shear layers due to the initially highly turbulent and three-
dimensional flowfield. Evidence of a somewhat organized large-
scale structure, obscured by smaller-scale eddies, can be observed
in the shear layers of the near field. Many well-defined, apparently
three-dimensional, vortical structures are seen to be injected into
the ambient air, which is an indication of the strongly intermittent
character of the mixing process. Similar features were observed for
the axisymmetric coaxial nozzle, the visualizationsof which are not
shown here for the sake of brevity.

In Fig. 3, instantaneousplanar visualizationsperpendicularto the
jet axis, taken with the same seeding strategy as in Fig. 2, visu-
ally show the variation of the jet shear-layer cross sections in the
near field at various distances from the jet exit. The axisymmet-
ric (circular) jet exhibits, on average, an axisymmetric flow pattern
(Figs. 3Ca and 3Cb), whereas the square jet shear layers retain the
geometrical shape of their origin for several outer hydraulic diam-
eters (Figs. 3Sa and 3Sb). However, at the farthest location from
the jet exit (Fig. 3Sc), the square jet mixing regions evidently tend
to loose the memory of the original shape. Intense intermittency,
manifested by injections of three-dimensional vortical structures of
various scales, is evident at the edges of both the inner and outer
shear layers, as also seen in the axial plane visualization of the

Fig.2 Instantaneous visualization of a coaxial square jet (Reg =1.9 X
10% and A =0.3).

Fig. 3 Instantaneous horizontal laser sheet visualizations of equiva-
lent circular (Ca, Cb, and Cc) and square (Sa, Sb, and Sc) coaxial jets
(Reg=1.9 x 10* and A=0.3).

square jet in Fig. 2. The injected structures often penetrate from one
mixing layer to the other, across the outer jet unmixed region, as
evidenced, for example, in Figs. 3Cb, 3Sa, and 3Sb. A region of
interaction between the inner and outer shear layers of the coflow
is observed in the middle of the sides of the outer shear layer. This
indicates strong interactionbetween the inner and outer shear layers
in the square jet, which was not observed in the axisymmetric jet
until further downstream, and this is indicative of faster merging of
the outer and inner mixing regions in the case of the square nozzle
geometry. The horizontal planar visualizations of Fig. 3 also show
that the large-scale symmetries of the flow expected on the basis of
the nozzle geometry are still present in the near field, whereas no
strong evidence of azimuthal organizedlarge-scalestructurescan be
observed. In addition, no strong visual evidence of axis switching
is present in the visualizations of the square jets in the near field.
Figure 4 presents instantaneous visualizations of the outer shear
layer (Figs. 4a, 4c, and 4e) and inner jet mixing region (Figs. 4b, 4d,
and 4f) separately for the square (Figs. 4a and 4b on a centerplane
perpendicularto the square sides and Figs. 4c and 4d on a diagonal
plane)and axisymmetric(Figs.4e and 4f on adiametralcenterplane)
coaxial nozzles. The outer shear layer was visualized using seeding
strategy 2 (Table 1) and the inner shear layer and jet was visualized
using seedingstrategy 3. Two planar visualizationcuts are shown for
the square nozzle, one perpendicularto the square side through the
centerline (Figs. 4a and 4b) and one on the diagonal plane (Figs. 4¢
and 4d). Only half of each jet field is shown. Figures 4b, 4d, and 4f
indicate that the inner jet flow is rapidly mixed with the coflow air,
as seen by the brighter (heavily seeded) areas at the end of the jet
unmixed core. As expected, because of the higher coflow velocity,
the “outward” transport is limited as shown by the tracer pattern.
The mixing boundary between the coflow and inner jet flow exhibits
fine-scale, “wispy” structures that seem to be more stretched. This is
alsoevidentfrom the outer shear-layervisualizationsof Figs. 4a, 4c,
and 4e. The instantaneousrealizations of the outer shear layer bear
evidence of large-scale structures obscured by smaller scales, as in
Fig. 2. A streamwiseinstability of the inner jetis also outlined by the
streamwise wavering of the inner jet column. The outer shear layer
appears thickest across the side of the square nozzle (Fig. 4a) and
is thinner along the diagonal (Fig. 4c), as it is for the axisymmetric
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Fig. 4 Instantaneous coaxial jet flow visualizations (Rey=1.9 x 10*
and X\ =0.3): a) square side, outer mixing region; b) square side, inner
mixing region; ¢) square diagonal, outer mixing region; d) square di-
agonal, inner mixing region; e) axisymmetric, outer mixing region; and
f) axisymmetric, inner mixing region.

nozzle (Fig. 4e). The intermittentpresence of the tracer in the central
region of the jet in Figs. 4a, 4c, and 4e, indicates that transport from
the outer shear layers has started. It is evident from Figs. 4a, 4c,
and 4e that such transportis somewhat delayed in the axisymmetric
case compared to the square. The outer shear layer inward growth
appears to be more rapid for the square nozzle in the near field.
Time-averaged visualizationsof the mixing regions for the square
and the corresponding circular coaxial nozzle flows are shown in
Fig. 5. Each image is a gray-scale superposition of three separate
time-averaged visualizations. The outer mixing region appears as
gray. The inner mixing region appears as a darker shade of gray.
The fully mixed region, visualized using seeding strategy 4 (Table
1) appears as white. In this last case, the reaction between TiCl, and
moisture can take place to produce the visible titanium oxide seed
particles only when moist ambient air penetrates the outer mixing
region into the core of the jet. The overlap between the inner and

Fig.5 Averaged visualizationsof the mixing regions of a) circular coax-
ial nozzle flow (diametric plane-section CC in Fig. 1), b) square coaxial
nozzle (center plane-section SS in Fig. 1), and c) square coaxial nozzle
(diagonal plane-section SDSD in Fig. 1). Reg =1.9 x 10* and A=0.3.

outermixing regionsappearsas light gray. The unmixedcores (inner
and outer) and the ambient region are black.

It appears from Fig. 5 that the fully mixed region begins at an ear-
lier location for the square nozzles compared to the circular ones.
The outer unmixed cores disappear sooner for the square nozzlesin
the region between the parallel square sides (Fig. 5b) compared to
the diagonal plane (Fig. 5¢) and the circular nozzles (Fig. 5a). This
indicates improved, yet localized, mixing with the square nozzles.
The velocity measurements presented in the next section indicate
that this improved mixing stems from higher outer-flow initial tur-
bulencelevelsin the region between the parallel square-nozzlesides
compared to those of the circular one.

Velocity and Turbulence Profiles

Axial mean velocity and velocity fluctuation profiles have been
measured across the jets at various downstream locations from the
jet origin covering the near field of the coaxial jets. Samples of
these profiles are shown in Fig. 6, superimposed on time-averaged
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Fig. 6 Visualization and measurement of the flow evolution in coaxial nozzles at Reg =1.9 X 10* and A =0.3: a) square SS plane, b) square SDSD
plane, and ¢) axisymmetric CC plane: O, streamwise mean velocity; ©, streamwise velocity fluctuation; -@-, outer shear layer (Uyax — Upin)/2 width;

and -@- -, middle shear layer (Upax — Upin)/2 width.

visualizationsof the flow. Two sets of profiles are given for the square
nozzle case; one parallel to the square jet sides along the plane of
symmetry (SS in Fig. 1) and one along the diagonal (SDSD in Fig. 1),
as is customary in previous single square jet investigations!® The
velocities are scaled with the arithmetic average of the maximum
velocities of the inner and coflow streams at the exit of the coaxial
jets. The difference between these average velocity scales between
the axisymmetricand squarecasesis less than 3%, and so this scaling
does not produce a misleading picture. All lengths are scaled with
the outer jet hydraulic diameter D,,.

The streamwise development of the shear layers existing in the
near field of the axisymmetric and square coaxial jets examined
appearsquantitativelyin Fig. 6 and was shown qualitativelyin Fig. 5.
At the onset of the jets, three shear layers are identified: the inner
shear layer of the inner jet, a middle shear layer on the inside of the
coflow jet, and the outer shear layer of the coflow jet. The middle
and inner shear layers form the wake of the inner nozzle lip. The
developmentof the shear layers is tracked by recording the “radial”
location (yy5/D,) of the point, which has a velocity equal to 50%
of the maximum velocity difference across each shear region.

A defining factor in the downstream development of a jet is the
initial condition at the exit. The shape and details of the initial mean
velocity and the turbulence intensity profiles are of critical impor-
tance in interpreting the observed differencesin the developmentof
the axisymmetric and square coaxial nozzles. Note from Fig. 6 that
the initial mean profiles (x /D, = 0) of the axisymmetric and square
(SS scan) nozzles are almost identical in the inner nozzle region
and the wake created after the inner nozzle lip. The core of the inner
jet is uniform and the fluctuation level low (fraction of a percent),
with a small peak inside the inner shear layer near the inner jet
wall. However, a considerable difference exists between the mean
profiles in the core of the coflow region. The axisymmetric coflow
jet core is considerably more uniform than its square counterpart,
which has the shape of a simple shear flow, more so than the one
from the circular jet. In both cases, the maximum velocity occurs
closer to the inner wall. The difference between the axial fluctuation
profiles in this region is more substantial. The maximum fluctuation
level is observed near the middle of the coflow core for the square
nozzle case with secondary peaks inside the two bounding shear
layers, the middle shear layer near the inner wall of the outer jet,

and the outer shear layer of the outer jet. No such peak is present
in the core of the axisymmetric coflow, and the highest fluctuation
levels are observed inside the bounding shear layers. Contrary to
the square-jet side scan (SS), the shapes of the initial mean and
fluctuation profiles along the square-jet diagonal scan (SDSD) are
almost exactly similar to those of the axisymmetricjet, and the fluc-
tuation levels are of the same magnitude. In the case of the square
nozzle, the side-to-diagonal ratio of the outer shear-layer momen-
tum thickness was approximately three. Thus, there is a significant
azimuthal nonuniformity of the outer shear-layer thickness. Such a
condition has been found to be detrimental to the development of
axis switching'® and may be a contributingreason to the absence of
axis switching in our experiments.

On the basis of the measured profiles and with the aid of the time-
averaged visualization, the coaxial jets can be divided into distinct
regions, in a manner similar to that carried out by Ko and Au.? The
first region is the one immediately downstream of the jet exit (ap-
proximately 0 <x/D, < 0.5), where the inner jet core decelerates.
Attheend of thisregion, the wake of the inner jet has completely dis-
appeared as the inner and middle mixing layers merge, as evidenced
in Fig. 6. In the second region (approximately 0.5 <x/D, < 1.6),
the potential core of the inner jet persists at a fixed centerline veloc-
ity. At the end of this second region this potential core disappears,
and the middle shearregionsmerge. This is evidentin Fig. 6 from the
time-averaged visualizationand the velocity profiles at x /D, = 1.6.
The potential core of the inner jet disappears somewhat faster in
the case of the square nozzle. The relative shapes of the coflow
jet core profiles are preserved in these two regions, whereas the
peak mean velocity remains more or less fixed. By the end of the
second region, the original middle peak in fluctuation intensity has
disappeared,and the highest fluctuationintensity is observedinside
the outer coflow shear layer thereafter. In the same neighborhood,
the averaged visualization (Fig. 6) indicates that outer and middle
shear layers merge. This occurs earlier for the square nozzle across
its sides (SS scans in Fig. 6a). The fluctuation level in the core of
the square-jet coflow is initially considerably higher (by more than
a factor of two) than that observed in the same region of the ax-
isymmetric jet. The significant differences observed in the initial
region profiles between the axisymmetric and square- (SS scan) jet
coflows explain the higher mixing and inward spread of the outer
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coflow shearlayer qualitativelydocumented by the visualizationsof
Figs. 3 and 4. Such significantly enhanced growth was not observed
along the diagonal of the square jet where the initial profile of the
coflow mean velocity is more uniform, fluctuation level lower, and
the profile shapes similar to the axisymmetric ones. The turbulence
intensity along the centerline increases steadily within both initial
regions described earlier, much like in a single jet.

The process of gradual merging of the opposite middle shear
layers takes place within the third region of the coaxial jet (approx-
imately 1.6 < x/D, < 8), as seen in Fig. 6. The centerline velocity
minimum increases gradually until it becomes an absolute maxi-
mum at the end of the region. As the middle shear layers weaken,
the corresponding maximum in turbulence intensity is eliminated
until only one peak remains at the end of this region, corresponding
to the outer shear layer. The centerline turbulence intensity reaches
a peak in the beginning of this third region and gradually decays to
a plateau at the end of the region (near x /D, =8, as seen in Fig. 6).
Note from Fig. 6 that, after the middle shear-layer growth has com-
pletely overwhelmed the core of the inner jet (near x/D, =2.4),
the axisymmetric and square- (SS scan) jet mean and fluctuation
profiles become very nearly identical in magnitude and shape. The
fourthregionbeyondx /D, = 8 displaysthe characteristicsof a “sin-
gle jet” with a single centerline maximum of the mean velocity and
a single off-center peak in turbulence intensity associated with the
outershearlayer (see Fig. 6). In thisregion, the centerlineturbulence
intensity remains approximately constant as the centerline velocity
begins to decay. Note that, on superposition,the square-jetdiagonal
profiles (SDSD scan) collapse onto those obtained from the SS scan
and the axisymmetric nozzle case in the beginning of this fourth
region. This indicates that the memory of the geometrical origin of
the jet is being lost, or it could be construed as weak evidence of an
“axis-switching” phenomenon in progress.

Figure 6 also indicates that the middle shear-layer development
is nearly identical between the axisymmetric and square (SS scan)
jets. This is in agreement with the mean and fluctuation profiles
being nearly identical between the two jets within the middle shear
layer. The middle shear layer on the diagonal of the square jet ex-
hibits a much faster inward growth than that in the SS direction.
The inward growth of the middle shear layers is slowed down con-
siderably past the end of the second region, where the inner jet is
completely overwhelmed and the mean shear is diminished. These
discussed trends are quantified in Table 2, where the growth rates
of the half-width (dy, s/dx) and the thickness (dé/dx) of the shear
layers are listed. The middle shear layer for the axisymmetricnozzle
and the SS direction of the square nozzle ceases to exist at around
x/D, =8. However, it persists past that point on the diagonal, as is
also insinuated by Fig. 3Sc. The growth of the outer shear layer is
distinctly different between the axisymmetric and square nozzle in
the SS direction. The initial location of the half-velocitypointis also
differentas a consequenceof the differencein the initial profiles. As
observed qualitativelyin the visualizationsin the backgroundof the
profiles of Fig. 6 and quantitativelyin Table 2, the near-field growth
of the outer shear layer for the square nozzle in the SS direction is
somewhat faster than that in the axisymmetric case. This can again
be explained by virtue of the differencein the correspondinginitial
profiles. The growth of the outer shear layer on the diagonalis quite
different.Itis seen in Fig. 6b and Table 2 that, after a short period of
no growth, a local contraction (negative growth) of the outer shear
layer is documented, followed by a second region of growth. That
the outer shear-layer half-width on the side (SS) increases, whereas
it diminishes on the diagonal (SDSD), is a possible indication of a
weak tendency toward axis switching near the exit of the nozzle.
However, in the absence of strong visualizationand quantitative ev-
idence (crossover of the half-widths), one cannot conclude that this
phenomenon actually takes place. This is not surprising given that
it has been shown in single noncircular jets that axis switching is
very sensitive to the initial conditions and the degree of large-scale
structure coherence in the near field, which is very low in our case.

Scaled velocity and turbulence intensity profiles from the three
shearregionsofthe coaxialflow are presentedin Fig. 7. Scaling typi-
cally usedin shearlayers has been employed,following the example
of Ko and Au.? The trends of their scaled data from axisymmetric
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Fig.7 Scaled velocity and turbulence intensity profiles for square and
circular coaxial nozzles: Rey=1.9 X 10* and A =0.3.
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Table2 Shear-layer growth rates
Middle shear layer Outer shear layer
dyo.s/dx(x10°%) ds/dx(x10%) dygs/dx(x10%) ds/dx(x10%)
x/D, CC SS SDSD CC SS SD CC SS SD CC SS SDSD
0.27 105 85 225 19 19 35 5 38 —98 3 35 2
0.53 105 100 155 22 20 33 0 56 —48 25 38 14
1.6 88 92 92 10 11 16 17 40 —12 18 18 19
2.4 37 31 34 4 5 5 33 48 8 16 12 17
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Fig.8 Velocity spectra from a circular coaxial nozzle flow at Reg =1.9 x 10* and A =0.3: a) centerline, b) middle mixing region, and c) outer mixing

region.

coaxial nozzles at various velocity ratios less than unity have been
used for comparisons and to put the present data into perspective.
Best fits of the scaled mean velocity profiles with typical hyperbolic
tangent profiles are also included in Figs. 7a—7c. It is evident from
Fig. 7 that the scaled mean profiles from both the axisymmetric and
square (SS and SDSD scans) nozzle flows collapse on a single trend
to a very satisfactory extent for all shear layers. This is more so for
the middle and inner shear layers. The outer shear layer displays a
higher degree of scatter. This is so primarily because the outer shear
layer is less cleanly defined at the onset of the coflow jet flow as
discussedearlier. The agreement with Ko and Au? is also very good.
The scaling of the turbulenceintensity is somewhat less clean. In the
case of the outer layer, the scaling is good, whereas some deviations
are observed, primarily for the SS scans of the square nozzles. It is
speculated that this is the case for the same reason that causes the
higher scatter in the mean scaled profiles. The agreement with Ko
and Au? is reasonable considering that their turbulence profiles also
displayed some scatter and that fewer downstream locations were
included in their scaling. The turbulence intensity scaling is also
good for the middle shear layer. In fact, it is very good to the left of
the turbulence peak, whereas it breaks down for the SS scan of the
square nozzle to the right of the peak for the same reason discussed
earlier. The comparison to Ko and Au? is quite good considering the
differencein coflow initial conditions between our study and theirs.

Velocity Spectra

Scaled velocity spectra obtained along the centerlines, as well
as the inner and outer mixing regions, of both circular and square
nozzles (SS section) are shown in Figs. 8 and 9, respectively. The
spectra for each axial location from all mixing regions were taken at
atransverselocation correspondingto the point of maximum veloc-
ity fluctuationin the neighborhoodof the correspondingshear-layer
midpoint. The amplitude scaling is such that all spectral amplitudes
are referred to the initial centerline point for each nozzle geometry.

Thus, relative comparisonsof spectral magnitude characteristicsare
possiblebetween the two geometriesexamined. The frequenciesare
scaled to reflect the Strouhal number based on a relevant geometri-
cal length scale and the velocity difference between the maximum
and minimum across the corresponding shear region. Note that the
centerlinespectraat the exitof the jets have several peaks at frequen-
cies that match the acoustic characteristics of the nozzle chamber.
These peaks are not visible in Figs. 8a and 9a due to the nature of
the scaling. In the immediate near field of the nozzlesat x /D, = 0.4
within the middle mixing region, a broad peak is observed in both
the circular (Fig. 8b) and square (Fig. 9b) nozzle flows. At this
downstream location, the inner core of the velocity profile is still
flat, and the middle shear layer has its own identity, unlike further
downstream where a wakelike profile develops as the inner uni-
form core disappears (see Fig. 6). Consequently, the observed local
peak in the spectrum should be associated with the shear-layer pre-
ferred mode. Indeed, the observed frequency peaks at 1024 Hz for
the circular nozzle and 1150 Hz for the square one correspond to
the preferred modes of the corresponding shear layers. This is re-
vealed by examining the associated Strouhal numbers. These were
calculated using classical shear-layer scaling, based on the initial
momentum thickness and the velocity jump magnitude, and they
are in reasonably good agreement with linear stability estimates of
the dominant shear-layer mode Strouhal numbers calculated by a
linear stability code previously used by Nikitopoulos and Liu?*2?
and Nikitopoulosand Seo.?* Downstream of the exit, prominent fre-
quency peaks appear in the centerline (Figs. 8a and 9a) and middle
mixing region (Figs. 8b and 9b) spectralrecords of both the circular
and square nozzle flows. The individual peaks correspond to initial
peaks at the exit and are both within a range in the neighborhood of
the most amplified frequency for the wakelike profile that develops
in the midfield of the inner mixing region based on linear stabil-
ity. The frequencies with the peak amplitudes are virtually identical
for the circular (111- and 166-Hz) and square (115- and 169-Hz)
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Fig. 9 Velocity spectra from a square coaxial nozzle flow at Req =1.9 x 10* and A =0.3: a) centerline, b) middle mixing region (SS), and c) outer

mixing region (SS).

configurations. They are amplified throughout the evolution of the
inner region in the near and midfield, as are the less prominent
frequencies in that neighborhood of the spectrum. This is not un-
usual because the frequency-amplification rate curve, as predicted
by linear stability, is relatively flat in the neighborhood of the most
amplified frequency,allowing amplification of aband of frequencies
around the preferred mode. The main differencesin the spectraof the
inner region midfield between the circular and square nozzle flows
are in the breadth and magnitude of the peak frequencies as they
evolve downstream. The spectral peaks are sharper and stronger in
the case of the circularnozzles compared to the broader and weaker
ones of the square nozzles. In both geometries, the higher of the two
observed discrete frequencies becomes dominant in the near field
of the inner region, whereas the lower one, which is approximately
% of the higher, emerges. In the midfield of the inner region, the
higher frequency remains dominant in the case of the circular ge-
ometry, whereasitassumes a secondaryrole in the case of the square
geometry. In the latter case, the lower discrete frequency becomes
dominantin the midfield, although its peak is much broader than its
counterpart of the circular nozzle.

The shear layer of the outer mixing region is initially highly tur-
bulentat the exit, more so than the one in the middle mixing region.
Therefore, the initial spectra at the exit are broadband and were
found to display a —% inertial range when plotted on a log-log
scale. The discrete peaks observed in the near field of the outer
shear layers of both circular (Fig. 8c) and square (Fig. 9¢) config-
urations are at 166 Hz. By the application of shear-layer scaling, it
was determined that this frequency is too low to be related to the
outer shear-layer preferred mode. It is apparent that its appearance
is a reflection of the development of the wake mode of the middle
mixing region in the beginning of the coaxial jet midfield. This no-
tion is reinforced by this discrete frequency peak occuring in the
neighborhood where the outer mixing layer meets the inner mixing
region at the end of the coflow unmixed core, as observedin Fig. 4.
As the already turbulent outer shear layer grows and develops fur-
ther downstream, all spectral peaks disappear, and the —% inertial
range is fully reestablished. Note that no local peak is observed at
a frequency correspondingto the preferred mode of the outer shear
layer. This is justified by this shear layer being initially highly tur-
bulent and the flow being unforced, other than the acoustic modes
of the nozzle interior, which are weak compared to the broadband
turbulent spectrum strength in the outer shear layer and not tuned
to the outer shear-layer mode.

Similar trends to those described for the SS section of the square
nozzle are observed when examining the spectral evolution in the
middle and outer mixing regions of the SDSD (diagonal) section.
The spectral evolutionon the diagonalplane is shownin Fig. 10. The
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Fig. 10 Velocity spectra from a square coaxial nozzle flow at
Rep=1.9 x 10* and \=0.3: a) middle mixing region (SDSD) and
b) outer mixing region (SDSD).
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middle mixing region of Fig. 10a displays two broad, yet discrete,
peaks (115 and 169 Hz) in the same fashion as in the center plane
according to Fig. 9b. The initial emergence of the higher frequency
in the beginning of the jet midfield and the shift toward the lower
frequency further downstream are consistentwith the centerline and
center plane behaviors. Unlike the case of the square nozzle center
plane, a distinct preferred mode associated with the middle shear
layeris not observed along the diagonal. Instead, a rapid “filling” of
the spectrumappearsin the range of frequenciescommensurate with
the expected preferred mode based on a Strouhal number calculated
from free mixing layer scaling. The absence of a discrete preferred
mode can be attributed to the more vigorous production of smaller
scales due to the corner flows on the diagonal. The outer shear-layer
spectra shown in Fig. 10b also reveal the same features observed
before on the center plane. The initial shear layer is highly turbulent
and the frequency peak, which appears in the midfield at a distance
from the exit corresponding to the merging of the outer and middle
mixing regions, is a reflection of the middle mixing region wake
mode. No local spectral peak associated with the shear layer is
observed on this plane either. A —% inertial range is observed from
the onset of the outer shear layer at the outer nozzle exit and is
maintained throughoutits evolution.

Conclusions

A qualitative and quantitative investigation of unforced, initially
turbulent flows emanating from equivalent geometries of axisym-
metric (circular) and square coaxial nozzles has been carried out.
Flow visualization and velocity measurements were performed at a
coflow jet Reynolds number of 1.9 x 10* and at an inner-to-outer
jet velocity ratio of 0.3. Scaling of mean velocity and turbulence
profiles for the three shear layers formed in the near field of ax-
isymmetric and square coaxial flows was found to be consistent
between the two geometries and with previously reported trends for
axisymmetric coaxial jets.

Large-scale periodic structures were identified for both nozzle
configurationsin the midfield of the inner mixing region, which has
wake characteristics.The frequencyofthe observedspectralpeaksin
this region scaled using wake scales correspond to Strouhal number
values consistent with those expected for a wake on the basis of lin-
ear stability. The outer mixing region, which is highly turbulent, dis-
playsa —% inertial range from its onset at the nozzle exit and shows
no signs of an indigenous coherent organized structure. The spec-
tra obtained in the square nozzle mixing regions both on the center
plane and the diagonal planes are mutually consistent,indicating the
same broad frequency peaks. The spectra from the turbulent shear
layers of the middle mixing region near field indicatethe presenceof
a short-livedshear-layerpreferred mode at a much higher frequency
thanthe one associated with the subsequentdevelopmentofthe wake
downstream. The spectral characteristics of the circular and square
nozzle combinationsare qualitatively similar. However, the discrete
frequency peaks associated with the wake of the inner mixing region
are much broaderin the case of the square nozzles, and the dominant
frequency at the end of the midfield within the inner mixing region
is lower than thatof the circularones. This is explained by the higher
overall turbulence intensity in the inner mixing region of the square
nozzles.

The existence of axis switching, a phenomenon observed in sin-
gle nonaxisymmetricnozzles, is notevidentfrom visualizationsand
measurementsin the square coaxial nozzle. The lack of axis switch-
ing is attributed to the initial low coherence of large-scale structures
(azimuthalvorticity)in the shearlayers, the initially high small-scale
turbulence levels in the outer flow, and strong azimuthal nonunifor-
mity of the outer shear layers. These factors have been identified
in past studies™!? of single noncircular jets as factors detrimental
to axis switching. Thus, it is not surprising that this phenomenon
did not occur. In spite of the absence of axis switching, visual-
izations and local velocity measurements have indicated modest
mixing enhancement on the side plane in the square nozzles com-
pared to the circular ones. This can be largely attributed to local
differencesin the initial velocity profiles between these two config-
urations and, particularly, to the higher initial turbulence intensity

levels in the outer flow on the side of the square nozzle. The po-
tential for development of axis switching in coaxial noncircular
nozzle flows needs further investigation. Thus, additional work is
necessary to determine to what extent mixing enhancement, other
than the geometrical increase of the area subjected to shear or that
caused by differences in initial conditions, can be produced using
square coaxial nozzles as opposed to axisymmetric ones. Nozzles
with initial conditions more favorable to axis switching and/or ap-
plication of active forcing could answer this question and reveal
if this phenomenon is at all possible in noncircular coaxial nozzle
flows.
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