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Near-Field Characteristics of a Turbulent Coflowing Jet

P.G. Gladnick,* A.C. Enotiadis,t J.C. LaRue,f and G.S. Samuelsen§
University of California, Irvine, Irvine, California

The near-field evolution of the velocity and concentration fields for an axisymmetric jet flow of CFC-12 issu-
ing into a coannular jet flow of air is presented. Results based on measurements of the time resolved velocity
(two components) and (separately) the concentration, obtained using laser anemometry and Rayleigh scattering
systems, show that the transport of momentum and mass in the near field depends on the large scale structure
which forms in the shear layer at the edge of the jet. The type of instability and hence the flow development is
shown to depend primarily on the ratio of the coflow to jet velocity (mm), density ratio, and the jet exit velocity
profile. Specifically, for velocity ratios less than and greater than unity, the statistical properties of the velocity
and concentration fields are compatible with the existence of an annular vortex ring with positive vorticity for
m < 1 and negative vorticity for m > 1. For a velocity ratio equal to unity, the results are consistent with the pres-
ence of pairs of counter-rotating vortices that are typical of a wake flow.

Introduction

N assessment of combustor performance relative to pol-
lutant formation and overall efficiency requires a careful
understanding of the mechanisms of mixing and entrain-
ment in highly turbulent, reacting flows. Reacting flows in
practical combustion systems are extremely complex and nor-
mally involve turbulent mixing of fuel and oxidizer with recir-
culation and swirl. The further complication of variable den-
sity is created as a consequence of heat release due to reaction.
One approach is to begin with a comparatively simple flow
and add complexities to the flowfield in a stepwise fashion.
Therefore, one of the initial steps would be to study the effects
of central jet to surrounding air velocity ratio and density ef-
fects without the inherent complications of chemical reaction,
recirculation, or swirl on entrainment and turbulent mixing.
An appropriate flowfield is an axisymmetric jet in either a
coflowing stream or a coannular jet. The primary interest is in
the developing or near-field region of the jet since this is the
location in which most of the mixing and reaction would take
place.

In the present study, the near field of a jet of CFC-12 (from
the jet exit plane to about 15 diameters downstream) in a
coflowing air stream and in a coannular jet is studied. The
ratio of the jet to coflow gas density is about 3.8, and the ratio
of the bulk mean axial velocity in the coflowing air stream or
at the exit plane of the coannular jet to that at the central jet
exit plane is varied from 0.26 to 2. This corresponds to a varia-
tion in bulk, mean, axial, coannular velocity between 0.65 m/s
and 4.93 m/s. The central, jet-exit Reynolds number is held
constant at about 16,000 (2.43 m/s). Visualization of the
flowfields indicates that the coflow velocities are all suffi-
ciently high to prevent fountain effects or recirculation. In ad-
dition, centerline, mean-axial velocity decay is measured in
freejets of CFC-12, air, and helium in order to compare decay
behavior with the work of other investigators and to identify
differences in downstream development due to density differ-
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ences and exit velocity profile. The freejet is chosen for this
aspect of the study due to availability of data at a variety of
conditions.

The ultimate goal of the research is to acquire an under-
standing of the flowfield characteristics produced from both
recirculation and swirl in a combusting environment. Conse-
quently, nonintrusive instrumentation using laser anemometry
and laser Rayleigh light scattering techniques have been devel-
oped and are used.

The next section presents a review of related experimental
work. In the succeeding section, details of the test conditions,
facility, instrumentation, and signal processing are presented.
This is followed by one in which the results are presented and
discussed with the final section containing conclusions.

Background

Axisymmetric, homogeneous, turbulent jets in a coflowing
stream at various ratios of the coflow to jet velocity and in a
quiescent ambient have been widely studied with a majority of
the emphasis on the far field. Comprehensive reviews are pre-
sented by Abramovich! and Harsha.? More recently, studies
of the near-field mixing processes for these types of flow as
well as those which include variable density effects have been
presented by Durao and Whitelaw,? Antonia and Bilger,*
Shuen et al.,> Green and Whitelaw,® Pitts,” Mostafa et al.,8
Antonia and Bilger,!' as well as others. Some investigations,
including that of Durao and Whitelaw,? have been concerned
with the near-field mixing processes of homogeneous, coflow-
ing jets. Those of Shuen et al.’ and Mostafa et al.? have em-
phasized the impact of a second phase introduced into coflow-
ing jets. Green and Whitelaw® and Pitts’ have concentrated on
large-density differences in turbulent jets but have studied pri-
marily free-jets issuing into a still ambient or slow coflow. A
more complete review of previous results than that presented
here may be found in Gouldin et al.? The present work extends
the results of these previous studies to a detailed, examination
of the relation of large-scale structures in the near field to the
mixing processes for a flow consisting of a heavy, central jet
and a significantly lighter, coflowing jet with velocity ratios
less than, equal to, and greater than unity.

The near field of a jet in a coflowing stream is strongly af-
fected by large-scale structures, which form in the annular
shear layer between the two flows as a result of an instability
mechanism. The type of instability depends in part on the
magnitude and sign of the difference between the coannular
and central jet velocity and on the characteristics of the flow
at the exit plane and can be characterized by the ratio of the
average coannular to central-jet velocity (m). For m<1, the
instability mechanism has been discussed by Yule!® and
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Michalke'? and exhibited in the studies of Crow and Cham-
pagne,'? Chen and Roquemore,'* and Roquemore et al.'> The
shear instability for a velocity ratio less than unity (m<1) is
that of an annular mixing layer and corresponds to vortex
rings, which interact (pair and amalgamate) and in turn
undergo an instability process, which leads finally to the fully
developed turbulence in the far field. For m> 1, the flowfield
near the jet exit plane at the interface between central and an-
nular jet flow remains an annular mixing layer. A significant
difference is that the sign of the mean-velocity gradient for
m>1 is opposite to that for m< 1. Thus, for m>1, it seems
reasonable to hypothesize that the large-scale structures which
occur due to the shear instability in the annular mixing layer
will be that of a ring vortex but with a sense of rotation oppo-
site to that for m< 1. At m = 1, the instability mode is not that
of an annular mixing layer but rather that of a wake flow,
which has its genesis in the boundary layers on the interior and
exterior surfaces of the central jet tube. (The instability modes
for m>1 and m = 1 have not been observed in previous studies
but will be shown subsequently to be consistent with results
presented herein.)

The turbulent entrainment and mixing also depends on the
jet-exit velocity profile, and the jet-density relative to the am-
bient. This dependency is due to the corresponding variation
of the initial instability mode and resulting large-scale struc-
ture, which controls the entrainment and mixing. Thus, the
exit conditions are well documented.

This paper complements concentration measurements, pre-
viously obtained using laser Rayleigh techniques by Enotiadis
et al.,'® with statistical properties of the velocity field obtained
by two-component laser anemometry and spectral properties
of concentration using laser Rayleigh scattering. The com-
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Fig. 1 Flow system configuration.
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bined set is analyzed to assess consistency between the two
data sets and to develop further insights into the mixing pro-
cesses in the near field of a turbulent, coannular, heavy jet of
CFC-12 exhausting into air for three values of m.

Experimental Systems

This section contains a discussion of the flow, laser ane-
mometry, laser Rayleigh, and data processing systems.

Flow System

The flow system consists of a 0.7-mm-thick tube for the cen-
tral jet flow, which has an inside diameter d of 18 mm and is
102 cm in length. The jet tube is surrounded by two concentric
tubes. The primary annulus is 56 mm in diameter, and the sec-
ondary annulus is 80 mm in diameter. Both tubes are 100 cm
in length (see Fig. 1). The middle tube has a wall thickness of
0.7 mm, and the outer tube wall is tapered at 7 deg over the
final 110 mm to a knife edge at the exit with a thickness of 0.1
mm. The coannular air stream passes through the annuli
formed by these two tubes, and all are equipped with plastic
honeycomb 1 m upstream to remove any swirl effects. The sec-
ondary (outer) annulus will be used in future experiments.
However, since all of the measurements in the present study
are in the near field, the existence of the flow in the secondary
annulus is assumed to have a negligible effect on the interior
flows.

The jet and coannular tubes are mounted on a three-
dimensional traverse, which has a resolution of 0.5 mm for
concentration data and 0.01 mm for velocity data in all three
directions. The entire assembly is orientated such that the jets
issue vertically upward. The traverse in turn is mounted to a
fixed optical table. All three tubes are centrally located in a
square duct, which isolates the flowfield from room air fluc-
tuations. The square duct is 1.5 m long and 457 mm on a side
and provides optical access for the laser measurement systems.

CFC-12 is used as the jet fluid, and air is used as the coflow
fluid for the parametric study of velocity ratio on mixing. The
CFC-12 is supplied to the central jet from four tanks con-
nected in parallel, and the air through the coannular tubes is
supplied from a compressor and is filtered by means of mist
and particle filters. Both the CFC and air are passed through
pressure regulators to maintain constant flow rates which are
monitored by rotometers. In addition, the CFC is passed
through a temperature bath, which provides a nearly constant
temperature (28 +2°C) flow. This temperature is high enough
to prevent recondensation. For all results reported herein, the
bulk jet-exit velocity is held constant at 2.43 m/s. The corre-
sponding Reynolds number is 16,000, which is high enough to
insure that the exit velocity profile corresponds to that of a
fully developed turbulent pipe flow. This exit profile is chosen
as it is easily reproducible and is of fundamental interest.

Free jets of CFC-12, air, and helium are also briefly studied
in order to compare mean-axial velocity decay with corre-
sponding results of other investigators and to observe the ef-
fects of density differences and exit velocity profiles on the
centerline velocity decay. For these mean velocity measure-
ments, the flow facility just described is employed without any
coannular air flow. The central jet is supplied from
pressurized gas cylinders with the respective gas under study
or, in the case of air, from the house supply. Thus, only the
central jet is seeded. In the near field, very little unmixed am-
bient air is found on the centerline. Thus, the lack of seeding
in the ambient should have a negligible velocity bias effect on
measurements at the centerline. This is supported by the good
agreement with the corresponding results of Shuen et al.’
where both the jet and ambient flows are seeded.

The air flow in the square duct for all experiments is main-
tained by means of a suction-type system connected to the
outlet of the duct, which draws room air through an automo-
tive foam filter. The velocity of the duct air is monitored by
means of a calibrated venturi and maintained at a nominal
constant value of 0.65 m/s. Visualization of all flowfields
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Fig. 2 Laser anemometer system.

shows that this duct velocity is sufficiently high to prevent
fountain effects or recirculation inside the duct.

Laser Anemometer

The velocity system used in these measurements is the
Aerometrics (model 2100-3), two-component, Phase-Doppler
Particle Analyzer (PDPA) operated in the velocity mode for
signal collection. Beam transmission is effected by breadboard
optics. Figure 2 shows the optical layout employed for the
velocity measurements.

The composite laser beam from a § W argon-ion laser is
split using a prism and spatially separated into two colors
centered at 488 and 514.5 nm. In order to distinguish flow di-
rections, frequency shifting of each velocity component by
about 1 MHz is implemented with rotating diffraction grat-
ings. Each beam is focused onto its respective diffraction grat-
ing. The resultant first-order pairs are then collimated and
refocused to form overlapping sampling volumes with ortho-
gonal fringes in the test section. The axial and radial compo-
nents of velocity are obtained using the receiver of the PDPA.
A slit having dimensions of 100 um (horizontal) by 1000 pm
(vertical) is used at the receiver and defines the sample volume
length and compensates for any beam wander, respectively.
Simultaneity of each component is assessed by collecting data
pairs when the percentage overlap of one burst onto the other
channel exceeds 1%. Typically, 2000 data samples are suffi-
cient to insure statistical convergence of the mean and rms
velocty and shear stress. For example, variations in mean velo-
city of 0.5%, rms velocity of about 1%, and shear stress of
about 1.5% are typical with 2000 samples. A minimum of
5000 velocity samples are collected at each position; although
the majority have 10,000 samples associated with each data
point. The data rate on average is about 300 samples/s. Data
are saved and processed using an IBM AT and the two-
component, data acquisition software and processing routines
developed by Aerometrics.

Laser anemometry seeding is accomplished with fluidized
bed seeding using nominally 1 um Al,O; particles. The parti-
cle density is nearly equal in the central and coannular jets. A
new type of seed, which has been mixed with a surfactant serv-
ing to discourage agglomeration of particles, is used. This new
seed (Micro Abrasives, Inc.) has performed in a manner far
superior to that of the common seed material previously used
and provides reasonably steady data rates throughout an en-
tire period (=2 h) of data acquisition.

Laser Rayleigh and Data Processing Systems

The laser Rayleigh system is shown in Fig. 3 and is generally
similar to that used by Schefer and Dibble!” and Pitts’ except
that the composite beam of a 5-W argon-ion laser is used. The
laser power supply is equipped with a linear pass-bank filter,
which results in a combined noise (including shot noise) and
drift of less than 1% in concentration in air. At higher concen-
trations, the relative noise will be less. The beam is expanded
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by a factor of 4 and is focused to form a sampling volume with
a waist of 35 um. The Rayleigh scattered light is collected by
an f/3.66 achromat lens system and focused onto a 100 by
1000 pm slit, thus, providing a sampling volume of 35 by 100
um in spatial extent. The time constant for the system is esti-
mated by means of a lumped parameter model where the fil-
tering effect is taken to be of the resistance-capacitance (RC)
type. For the photomuitiplier used in the present study
(Thorn-EMI 9813B), the capacitance of the last dynode is
stated by the manufacturer (Thorn-EMI*) to be 10 pico
farads (pf), and the capacitance of the cable between the out-
put of the photomultiplier and the 1 MQ termination resistor is
determined to be about 45 pf. The corresponding time con-
stant and frequency response (3 dB point) are 55 us and 2.9
kHz, respectively. The finite time constant leads to an equiva-
lent spatial averaging in the downstream direction, at the max-
imum mean-bulk velocity of 4.9 m/s, of about 271 um. Thus,
the effective sampling volume is about 271 by 100 ym.

The resultant signal is amplified and then digitized at a rate
of 10* samples/s by means of a Data Translation 2801-A
ADC. For statistical information, 15 s or 15,000 digital
samples at each position are processed using a Zenith Z-200
computer using software developed specifically for this pur-
pose.

For power spectra, the signal is low-pass filtered at 2 kHz,
and the sample rate is increased to 4 kHz. Fourteen records
each of 16,384 samples are digitized. This corresponds to 57 s
of data and 229,376 digital samples. The data are immediately
stored on floppy disk and subsequently processed using sepa-
rate Fortran 77 routines, which implement a fast Fourier
transform (FFT) algorithm (Microway Inc.) to average all
records and to form the average power spectrum. Only records
without evidence of particles are used in the computation.

Results and Discussion

The discussion of results is divided into two major subsec-
tions. The first deals with the characteristics of the velocity
field, and the second deals with those of the concentration
field.

Velocity Field

The characteristics of the velocity field at the exit plane are
discussed first. This is followed by a discussion of the center-
line mean-velocity decay for freejets. Next, results are pre-
sented for the jet in a coannular flow.

Exit Plane Conditions

The mixing in the near-field region is substantially affected
by the distribution of the velocity field at the exit plane. Confi-
dence in jet symmetry is established by measuring both the ax-
ial and radial velocity components across the full jet width 3
mm above the jet-exit plane. Mean velocity values at all corre-
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Fig. 4 Central jet power law approximation.

sponding positions on opposite sides of the centerline differ by
less than 3% near the tube lips and less than 1% in the central
regions. Cotresponding spatial pairs in regions of high-
velocity gradient possess rms values, which differ by less than
5% near the tube lips and less than 2% at all other locations.
Corresponding values of the Reynolds stress agree within 10%
over the entire width of the jet.

Exit velocity profiles of the jet will affect the mixing behav-
ior as a result of differences in the magnitude of the velocity
gradients near the edge of the jet. Figure 4 shows that the
mean velocity profile near the exit of the central jet is well
described by a power law, which is consistent with fuily devel-
oped turbulent pipe flow. For the three velocity ratios investi-
gated, good agreement with the expected value of 6 for the
power law exponent (n) is found. The velocity ratio (#) has
been defined as the ratio of the bulk velocity in the coannular
stream to that in the cerntral jet. Ratios of interest are those
corresponding to different mixing behavior, which have repre-
sentative values less than unity (m=0.64), equal to unity
(m=1.00), and greater than unity (m = 2.00). For comparative
purposes, the corresponding ratios using the maximum mean
axial velocity in each stream are, respectively, 0.62, 0.95, and
1.72.

The exit mean and rms axial and radial velocity and shear
stress profiles for each velocity ratio are shown separately in
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Fig. 5. The miean-axial velocity profiles for all velocity ratios
correspond to fully developed turbulent pipe flow except that
of the secondary annulus flow for m=0.64 where the
Reynolds number is 2300, and the exit profile is transitional.
For all velocity ratios at the exit plane, the location of the tube
lips are readily identifiable by associated local minima in axial
velocity and sign transition in the radial component;, which
correspond to wakes from the inner and outer edges of the jet
and coannular tubes at r/d of 0.51 and 1.57.

Exit mean-radial velocities exhibit different behavior de-
pending on the velocity ratio. For m=0.64, the central jet is
seen to have a weak mean radial velocity toward the jet center-
line (negative value) near the inner edge of the central jet tube
at r/d=0.5; whereas over the majority-of the central jet area
there is a weak positive radial velocity tending to spread the jet
away from the centerline. In contrast, for m =2, a strong neg-
ative radial velocity toward the jet centerline is seen to prevail
over the entire jet area, which linearly decreases to zero at the
jet center. This is compatible with the view that the annular
vortex rings grow toward the jet centerline for velocity ratios
greater than unity. For the velocity ratio m = I, the radial velo-
city at the inner edge of the jet tube is seen to have a greater
negative magnitude than for m = 0.64. However, it quickly de-
creases to zero and remains there over the majority of the jet
area. This behavior, coupled with the mean-axial velocity
shape above the central jet tube lip at X/d =3, indicates that
the jet fluid is not spreading or contracting appreciably in the
region near the jet exit plane (X/d<3).

The velocity profiles measured at the exit plane of the annuli
are consistent with the fully developed turbulent annuli meas-
urements of Brighton and Jones.!® Better agreement for
higher velocity ratios is found in contrast to those with low
values of the Reynolds numbers. For example, positions of
maximum mean-axial velocity are found to occur within 15%
of the positions found by Brighton and Jones'® where transi-
tional Reynolds numbers are involved Re(, iy, = 3700,
Re(,)=2300 with m=0.64. However, positions of maximum
mean-axial velocity are found to occur within 3% of those
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Fig. 5 Exit velocity profiles.
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Table 1 Experimental parameters of various coannular and free jets

Exit?

Reference die (mm) Re? profile Fluid Jet type©
Shuen et al.® 16.00 23,000 FDTPF  Air F
Green et al.® 10.00 16,900 TTHP  CFC-12 F
Mostafa et al.? 24.10 5,700 FDTPF  Air C
Durao and Whitelaw? 16.13 27,800 FDTPF  Air C
Present 18.30 16,000 FDTPF  CFC-12 C/F

16,000 FDTPF  Air F

4,000 FDTPF  Helium F

aCentral jet.

bEDTPF (fully developed, turbulent pipe flow); TTHP (turbulent, top-hat profile).

F (freejet); C (cobannular jet).

found by Brighton and Jones'® at the higher velocity ratio
cases where the Reynolds numbers are high enough that fully
developed turbulent flow is expected. ‘

For all velocity ratios, as shown in Fig. 5, the minimum rms
axial velocity occurs at the position where the gradient of the
mean-axial velocity is zero. At the exit plane, the rms velocities
are normalized by the maximum mean-axial velocity in each of
the three respective streams. The rms axial-velocity increases
with increasing radial distance from the zero mean gradient
position at the jet centerline. The maximum intensities in each
of the three flows occur at radial positions where the mean-
velocity gradient is a maximum. For m=0.64 and 1, the rms
axial velocity decreases as the position corresponding to the
midpoint of the tube lip is approached. These relative minima
in the rms axial velocity occur downstream of the center of the
lips.

The wake regions above the tube lips at the exit plane
become progressively thinner with increasing velocity ratio.
This is consistent with the reduction of the region of high-
velocity gradient near the tube surfaces as the velocity in the
annulus is increased. Above the central jet tube lip, the peaks
in axial rms velocity for m =0.64 are separated by 2 mm. In-
creasing the velocity ratio to m =1 reduces the separation of
the peak rms axial velocity to 1.75 mm. A further increase to a
velocity ratio of m =2 reduces the separation of the peaks to 1

a8 m=064, 0 m=100 O m=200,
B F-12 (free), v Air (free), ® Helium (free),
& F—-12 (free) [Green et al.], a Air (free) [Shuen et al.].
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Fig. 6 Centerline decay of mean and normalized rms axial velocity.

mm. A corresponding reduction in the separation of peaks in
the rms axial velocity above the tube lip separating each annu-
lar jet also takes place as the velocity ratio is increased. Here
the separation between axial rms velocity peaks progressively
decreases from 4 to 2.5 to 1 mm. Because of the finite spatial
resolution of the measurements taken in this region (250 um
increments), the relative minimum in rms axial velocity at the
center of the tube wake is not as noticeable in the profiles cor-
responding to m = 2 since the wake is only slightly larger than
the separation in radial position where data are collected.

The turbulence intensity at the exit of the central CFC jet
for this study has a nominal value of 4.5%. In addition, the
radial rms velocity becomes nearly equal to the axial rms velo-
city at the centerline. This is in agreement with the results of
Laufer' for a turbulent pipe flow. Exiting turbulence inten-
sities from the primary coannular jet at the position of maxi-
mum mean axial velocity vary from about 7 to 6.1 to 5.8% as
m varies from 0.64, 1, and 2. Therefore, the relative intensity
in the primary coannular jet decreases with increasing velo-
city. In the secondary annular flow, there is no comparable
trend in the turbulence intensity. This is likely due to the tran-
sitional exiting velocity profile for m =0.64, which possesses a
relatively low turbulence intensity of 5.4%.

A comparison of shear-stress profiles with the mean-axial
velocity profiles at the exit region reveals that the shear stress
is zero at locations of zero mean-axial velocity gradient—spe-
cifically on the centerline and near the midpoints of each an-
nulus. Abrupt changes in the sign of the mean velocity gradi-
ent observed, for example, at r/d=0.51 and 1.57, correspond
to a change in the sign of the shear stress. It appears that there
is a correspondence between the Reynolds stress and the nega-
tive of the mean velocity gradient.

Variation of Centerline Velocity

Differences in the centerline decay of the mean axial velocity
for a turbulent jet in a coflowing stream are dependent on the
shape of the exit velocity profiles and density and velocity dif-
ferences. The effects of variation of these parameters is evi-
dent in the decay data shown in Fig. 6a for various coannular
and freejets except in the initial region (X/d < 1.25) where the
results are similar. Here the data are normalized by the center-
line axial velocity measurement taken at X/d=0.167. Ex-
perimental parameters of importance from results compared
with the present work are listed in Table 1. Beginning with
freejets, the centerline decay of a CFC-12, freejet, which has
an exit axial velocity profile which is fully developed (present)
in contrast to one where the exit velocity profile has a ‘‘top
hat”> shape® behaves differently; even though the Reynolds
numbers are about the same (16,000). In the present case, the
mean velocity begins to decrease closer to the jet exit. This is
due in part to the fact that the jet momentum in the present
study is less than that in the flow of Green and Whitelaw® as
the velocity gradient exists acros the entire radius of the jet
instead of only at the edges.

The effect of density on the decay of the centerline, mean,
axial velocity for freejets can be seen by comparing the decay
of CFC-12 (Re=16,000), air (Re=16,000), and helium
(Re=4000). As expected (compare Corrsin and Uberoi? and
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S ooer ' ex/a=3 Thring and Newby?!), the mean-axial velocity decays faster
’ aX/d=5 for the jet with the less dense gas and slower for the jet with
35%e, aXazel the more dense gas. Good agreement with the data of Shuen,
E::Qi’a,\ N X/d =15 et al.’ is found for the free-air jet.
& S I The addition of a coflowing stream about the CFC jet in-
E ) creases the coflow momentum such that the rate of decay of
> \ﬁ‘_’:"" the centerline, mean-axial velocity is less than that of the free-
) jet counterpart having the same fluid and turbulent velocity
0.51 radiat | exit profile. Although the decays of mean velocity for m=<1
tor e somMie b 0w gy o8 | are similar, at m =2, a trend reversal occurs in decay at about
-05 ; 2 3 X/d=9 where, after the initial decrease, the mean velocity
rid begins to increase.This is attributed to momentum transfer
from the annular flow to the central jet flow. A similar trend
is found by Durao and Whitelaw?® with coflowing air jets with
45 ' - PRy m =1.61. In their study, the location of reversal occurs at
2 ;‘ﬁ :? X/d~ 6, which is slightly upstream of the value found in the
359 ax/d=9 | present study. The higher exit Reynolds numbers, lighter den-
m X/ =15 sity gases, and thicker-walled jets (2.73 mm) in the study of
259 - :QS& T Durao and Whitelaw? contribute to the earlier trend reversal
~a o in the mean axial velocity. ,
1.51 ot The centerline variation of normalized axial rms velocity
with downstream distance is shown in Fig. 6b. The trend re-
051 rodial | versal for the case m = 2.00 that exists for the mean-axial velo-
a o Om | city is present at the same downstream location in the rms ax-
—05% T 3 3 ial velocity. Here the transition away from the centerline decay
r/d for the other two velocity ratios begins at about X/d=7.5 and
increases dramatically at X/d=10. At the axial location of
6.5 . . X/d=15, the normalized rms velocity for this velocity ratio
R . VY wald (=13%) is roughly three times greater than the other two cases
. éD;l"’-\k'QﬁES:ﬁ‘\\'\ . % :; (-.-~ 4.5%'). In t}ns respect, vc?l(_)cny ratios greater than unity are
4.51 ‘ﬁ,- \-:HE& m X/d =15 distinguished in that a sngnlflgant increase in centerline mean
345" /.;;, N ! velocnft.yllg accompanied by a higher fluctuation intensity in the
e Wngg axia near field.
2.54 1@'. \\\D- L
1.5
Radial Variation of Mean, rms, and Shear Stress
031 T e . ;0210‘ | The variation of mean at}d rms axial and rad@al velgcity and
-0.5 . T shear stress are shown in Figs. 7-9 for all velocity ratios at ax-
0 ! o 2 3 ial stations for 3=<X/d=<15. As shown in Fig. 7, the mean-
i axial velocity peaks, which mark each individual fluid stream,
Fig. 7 Development of mean axial and radial velocity. persist to X/d =5 for m=0.64 and to X/d=7 for m=1 and 2.
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Fig. 8 Development of normalized rms velocity.
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Fig. 9 Development of Reynolds stress.

The mean-radial velocity is essentially constant for X/d =3 for
all cases, although entrainment of the slow moving duct air is
indicated by the negative mean-radial velocity values in the
outer region of the secondary coannular jet. The mean-axial
and radial-velocity profiles for all velocity ratios investigated in-
dicate that the mean-velocity field is developing over the entire
near field (X/d=<15) and that self-similarity is not reached.

Normal stress profiles presented in Fig. 8 for each velocity
ratio exhibit differences which correspond to the three funda-
mental modes of instability found for velocity ratios less than,
equal to, and greater than unity. Here, for each velocity ratio,
the rms velocity is normalized by the maximum mean axial
velocity of the three streams.

For m=0.64, the outer peaks in the axial and radial rms
velocity profiles are significantly reduced in amplitude by
X/d=5. This position corresponds to the disappearance of
distinct/separate flows in the velocity field and coincides with
the lack of local peaks in axial mean velocity at the same loca-
tion. The innermost peak broadens and is reduced in ampli-
tude with downstream distance.

The development of the rms velocity profiles for m=2 is
similar in some respects but different in other respects from
that for m=0.64. For example, for both m =2 and 0.64, the
inner peaks in the rms-axial and radial-velocity profiles which
are observed at r/d=0.5 and X/d = 3 broaden and are reduced
in amplitude with downstream distance. In contrast, with in-
creasing downstream distance, the position of the maxima of
the inner peak moves radially outward for m=2 but moves
radially inward for m=0.64. This difference in the direction
of the radial movement corresponds to the fact that the sign of
the vorticity of the annular vortices at m =2 is opposite to that
at m=0.64. For m=2, similar to the development of the rms
profiles at m=0.64, the two outer peaks at r/d~1.25 and 1.6
and X/d =3 have nearly disappeared by X/d=5.

Noticeable differences between the rms-axial and radial
velocity profiles can be seen when comparing corresponding
rms velocity profiles of matched velocity streams (m = 1) with
those for m=0.64 and 2. For example, for m =1, two peaks in
the axial rms velocity, in contrast to only one peak, exist on
either side of the central tube lip to X/d=9. For m=1, the in-
ner peak diminishes at X/d=9, whereas the outer peak re-
mains evident throughout the range of measurements and
moves outward. Differences also exist in the radial, rms velo-

city profiles for m =1 when compared with those of the other
two cases. For example, starting at X/d=35 for m=1, the
radial rms profile has nearly a constant value for 0<r/d<1
but monotonically increases as the outer edge of the jet is ap-
proached. In contrast, for m =0.64 and 2, a relative maximum
is noted at r/d=0.45. The absence of any such peak at this
radial location for m=1 and X/d>5 indicates that, on aver-
age, radial transport of coherent structures is minimal. As ex-
pected, at radial postions greater than 1.25, the axial and
radial rms velocity at m =1 are similar to those at m=0.64 and
2.00.

Downstream of the edge of the central jet-tube wall, the sin-
gle peak in the rms-axial and radial-velocity profiles coupled
to the higher-velocity fluid stream for m=0.64 and m=2 is
consistent with the hypothesis that a single annular vortex
which dominates the mixing exists in the developing region of
these flows. Two peaks in the axial rms velocity profile for
m=1 at r/d=0.5 are consistent with the existence of pairs of
vortices, which is typical of a wake flow.

The variation of Reynolds shear stress with downstream dis-
tance for each velocity ratio is presented in Fig. 9. The shear
stress is zero at locations of zero mean axial velocity gradient
and is proportional to the negative of the radial gradient of the
mean axial velocity for all velocity ratios. Since the mean velo-
city of each coannular stream is nearly equal for each velocity
ratio, the shape of the shear stress profiles in the annuli (r/d
= 1.25) are similar for all m. However, the magnitudes of the
shear stress increase with increasing mean axial velocity.

The sign of the local peaks in shear stress at r/d=0.5 in-
dicates a fundamental difference in the annular vortex for the
flows with m=0.64 and 2. The positive local peak in shear
stress for m=0.64 corresponds to a positive axial-positive
radial velocity correlation, which would correspond to an an-
nular vortex with positive vorticity. In contrast, the negative
local peak in shear stress for m =2 corresponds to a positive
axial-negative radial velocity correlation, which would corre-
spond to an annular vortex with negative vorticity. These cor-
relations coupled with the fact that the peak moves inward for
m=0.64 and outward for m=2 agrees with the hypothesis
that the annular vortices have opposite sign and play a signifi-
cant role in the mixing and entrainment process in the near
field. Downstream of the edge of the central jet tube wall for
m=1, two local peaks in shear stress are situated to either side
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Fig. 11 Centerline variation of normalized rms concentration.

of r/d=0.5, one with a postive and one with a negative velo-
city correlation. The persistence of these two local peaks
throughout the near field to X/d=9 gives evidence of the ex-
istence of pairs of counter-rotating vortices.

Near-Field Development

The mean-axial velocity profiles do not attain a self-similar
shape by X/d =15 since the profiles, except at the low coflow
ratio, still contain regions with positive radial gradients. In
contrast, the results of Mostafa et al.? reach self-similarity by
X/d=12.5 for a coflowing air jet of area ratio 4,/A4;=0.87
with velocity ratio m=1.40 where A,/ A, is the area ratio be-
tween the external and internal nozzles. Part of the reason for
this difference may be that the wall of the jet of Mostafa et
al.? is relatively thick (2.45 mm) compared to the wall thick-
ness of 0.7 mm in the present study. In addition, the difference
in density ratio between the present study and that of Mostafa
et al.? is consistent with the finding that the heavier CFC jet
decays on centerline at a slower rate than the less dense jets of
air or helium. The results of Durao and Whitelaw? reach self-
similarity at about X/d =30 for a coflowing air jet of area
ratio A,/ A; =5.79 with velocity ratio m = 1.61. Again, a thick-
walled jet of 2.73 mm is used. Nonetheless, these results are
consistent with the observations of Champagne and
Wygnanski?? for coflowing turbulent jets with top-hat exit
profiles where the length of the central jet core increases with
increasing area ratio. Thus, the position where self-similarity
is reached in coflowing jets is postponed with increasing area
ratio. It is reasonable that this result would apply to coflowing
turbulent jets with fully developed velocity exit profiles. For
the present study, the ratio of the area of the primary annulus
to the area of the central jet is 8.60. This suggests that self-
similarity will be reached downstream of X/d = 30.

Concentration
Centerline Variation of Mean and rms Concentration

The near-field concentration characteristics of the CFC jet
in a coflowing stream also show that the instability mechanism
plays an important part in the developing region of the con-
centration field. Figures 10 and 11 show the axial centerline
variation of mean CFC concentration and unmixedness for
velocity ratios 0.26 <m=<2. The similarity in the data for
m<1 and separately for m>1 is evident in the mean and nor-
malized rms profiles. Comparison of these data with those for
the case where m =1 reveals that the development for streams
with matched velocities differs from the other two cases.

The similarity of the profiles corresponding to m < 1 is clear
in both figures, where it can be seen that the rate of decrease
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of mean concentration with X/d (see Fig. 10) increases with
decreasing velocity ratio. This behavior is qualitatively similar
to that for the decay of mean centerline temperature as a
function of m found by Antonia and Bilger* for a heated round
jet in a coflowing stream. In contrast, for /n > 1, the rate of de-
crease of mean concentration increases with increasing velo-
city ratio. This behavior is consistent with the idea that the
strength of the annular vortex increases as the relative differ-
ence between the CFC jet and coannular air-stream velocities
increases and hence leads to more rapid mixing and an in-
crease in the rate of decrease of the mean concentration.

When average mean exit velocities are matched, i.e., where
m =1, the centerline decay of mean and rms concentration are
seen to differ from the behavior for velocity ratios greater
than or less than unity. Although the magnitude of the mean
concentration is about the same as those for m < 1, the rate of
decay is quite different and leads to a decay curve that crosses
over the other three mean concentration curves. This suggests
a mixing mechanism uniquely related to this particular velo-
city ratio. The normalized rms concentration is seen to follow
a similar trend by crossing over the family of curves for m< 1
before increasing further downstream (see Fig. 11).

Radial Variation of Mean and rms

The radial variation of the mean concentration for velocity
ratios of 0.64, 1, and 2 at axial locations between X/d=0.33
and 15.0 are shown in Fig. 12. In contrast to the exit-velocity
profiles, those of the mean concentration possess a top-hat-
like shape. Independent of downstream location, the mean
concentration profiles show a nearly common ‘‘crossover”’
point at r/d=0.53. The mean value at the crossover point de-
creases with increasing velocity ratio but the radial location re-
mains almost constant.

The radial variation of rms concentration with axial dis-
tance is shown in Fig. 13. For m=0.64, the peak in rms con-
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centration moves slightly away from the central jet axis with
downstream distance and maintains a local minima on the jet
axis throughout the measurement range. For m=1, a slight
shift in the peak rms concentration toward the jet axis occurs
with downstream distance and its local minima remains on the
jet centerline. When the velocity ratio is further increased to
m =2, deviation from the other two velocity ratio cases oc-
curs. A local minimum in rms is found on the centerline as far
as X/d =7 after which the jet axis becomes the location of the
maximum concentration fluctuation. The peak in rms concen-
tration, which originates in the shear layer between the CFC
and air streams, has now traveled onto the jet axis. This is con-
sistent with the increased mixing observed in the decay of axial
centerline concentration at this velocity ratio.

Power Spectra for Concentration

Power spectra of concentration are measured for velocity
ratios of m=0.26, 1, and 2. For velocity ratios less than and
equal to unity, the power spectra show no significant peaks
throughout the measurement range (0.33<.X/d=<15) on cen-
terline or at the position where r/d=0.5. Figure 14 shows the
power spectral density function (PSDF) of concentration for
m =2 at normalized radial locations of 0.0 and 0.5 for various
downstream positions. The axial variation of the centerline
PSDF shows that, from the exit plane to about X/d =9, all of
the energy is nearly constant in the range of frequencies from
0.5 to 90 Hz with no relative maxima present on the centerline.
However, a small spike appears which grows in amplitude and
definition from X/d =9 to 15. The corresponding frequency is
about 30 Hz. Above the central jet tube lip at r/d = 0.5, a spike
at a frequency of 135 Hz is seen to exist. This peak grows in
magnitude and definition and shifts to lower frequencies
and broadens at each successive downstream location. By
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Fig. 14 Power spectral density function of concentration.

X/d=9, two peaks in frequency, one at 50 Hz, carried over
from the previous axial station (X/d=7) and the other at 35
Hz, coexist.

Support for the growth in size of ring vortices whose origins
are at the interface between CFC and air streams (r/d=0.5)
with negative vorticity and growth or movement toward the jet
axis is found in the appearance of the 30 Hz frequency spike
on centerline and at r/d=0.5 (X/d =9) coupled with the exist-
ence of a 50-Hz frequency spike at r/d=0.5 (X/d =7) with no
such spike on the centerline. Between the axial stations,
X/d=17 and 9, the size of the vortices grow sufficiently to in-
dicate their presence on the jet axis at X/d=9. An estimate of
the vortex length scale at this axial station is the central jet di-
ameter. This axial location also coincides with an increase in
mean centerline velocity and relative intensity (see Figs. 6a and
6b) as well as a reduction in the rate of increase of relative con-
centration intensity (see Fig. 11). Thus, it appears that the
presence of the large vortical structures at the centerline have a
significant effect on the statistical properties of the velocity
and concentration field.

Conclusions

Inlet boundary profiles of velocity and concentration are
found to influence the decay of centerline, axial, mean velo-
city, and mean concentration significantly. A jet with a turbu-
lent, pipe-flow-type, exit velocity profile is found to decay
more rapidly than a jet with a top-hat exit profile.

The instability mechanism and resulting large-scale vortical
structures are shown to play an integral part in the developing
region of an axisymmetric coannular jet. For m less than,
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equal to, and greater than unity, there are significant differ-
ences in the centerline decay of mean velocity and concentra-
tion and an increase of relative concentration and intensity.
These differences, along with the relative peak found in the
power spectra of concentration for m =2 and the previous stu-
dies of jets in coflows with m <1, support the hypothesis that
the near-field mixing of a jet in a coflowing stream is domi-
nated by the large-scale structures which evolve from an insta-
bility in the shear layer occurring at the interface between the
central and coflow jets. Further, the differences in the change
of the statistical properties of the velocity and concentration
field with downstream distance strongly supports the hypothe-
sis that depending on whether m is less than, equal to, or
greater than unity, different large structures dominate the
near-field mixing process. For m > 1, the results are consistent
with the presence of an annular vortex ring with positive vorti-
city, which has been observed in previous freejet studies. The
present results extend those observations and show that for
m>1, the results are consistent with the presence of an annu-
lar vortex ring with negative vorticity. The strength of these
vortices increases with increasing velocity difference between
the jet and coannular flows. Mixing and entrainment are also
found to increase with increasing velocity difference. For
m =1, the results are consistent with the presence of pairs of
counter-rotating vortices which are typical of a wake flow.

Power spectra of concentration on centerline and at the jet
radius indicate the presence of periodic structures for m=2,
which correlate well with the statistical trends of the velocity
and concentration fields. The increase in mixing on the jet cen-
terline for velocity ratios greater than unity is found to be the
result of central jet penetration by the growth of large scale
structures whose genesis is at the shear interface between cen-
tral and coannular jets. For m=<1, the vortical structures are
apparently not periodic.
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