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Fig.4 Horizontal profiles of the convection (O), diffusion ([J), and pres-
sure ( ) terms in the U and V momentum equations at Y/D =4.7.

the impinging zone and significant regions where the sign is wrong
were detected.

In spite of the failure of the k—¢ turbulence model to predict the
structure of the impinging zone, Barata et al.! also point out that the
mean flow is reasonably well predicted because this type of flow
is dominated by large pressure gradients. This can be explained
with the help of Fig. 4, which presents the terms in the momen-
tum equations obtained from the measurements. It shows thatin the
impingementregion the diffusionterm is negligible and the convec-
tion term is balanced by the pressure gradient term, as also observed
for a low-Reynolds-number impinging jet without a crossflow (for
example, see Ref. 6).

Conclusions

Budgets of turbulent kinetic energy are presented in the vicinity
of the stagnation zone created by the impingementof a turbulent jet
on a flat plate through a low-velocity crossflow.

Inspection of the terms in the conservationequation of the turbu-
lent kinetic energy confirms that the turbulent structure of the flow
in the ground vortex and impingement zones is associated with the
interaction between normal stresses and normal strains. However,
the mean flow can be reasonably well predicted using the k—¢ turbu-
lence model because the pressure gradient term in the momentum
equations is dominant and is balanced by the convection term.
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Mixing of Coaxial Jets
with Small Annular Area
in a Short Duct
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Nomenclature
C, = coefficient of pressure, (p — p1)/0.5pU?
p = wall static pressure
p1 = wall static pressure at the first station
r = radial coordinate
r, = inner radius of the test section
U, = mass-averaged velocity
u = streamwise mean velocity at a point
u’ = rms value of streamwise velocity fluctuation
w’ = rms value of transverse velocity fluctuation
X = axial (streamwise) coordinate
B = arearatio (outer to inner)
A = velocity ratio (outer to inner)
p = air density
T = nondimensional turbulence energy

Introduction

URBULENT mixing of confined coaxial jets is a complex dy-

namic process that deserves a comprehensiveinvestigation for
deeperinsightbecauseithas many engineeringapplications.Several
parameters contribute to this complexity, such as the diameter ratio
of the jets, length-to-diameterratio of the mixing duct, velocity ra-
tio, density ratio, turbulence levels, etc. Unfortunately, information
on the influence of each of these parametersstill appearsto be rather
inadequate despite several prominent investigations that have been
carried out to address the problem of the mixing of confined coax-
ial jets with varying conditions.!~* Although certain studies have
contributed to the understandingof the mixing problems specific to
gas turbine combustor applications with a sudden expansiorn®> and
introduction of swirl,’~7 they have also added to the variety of the
flow situation. Thus, a further widening of the scope for system-
atic research on the subject matter seems inevitable in view of the
growing number of variables.

The present investigation deals with a particular case of mixing
of coaxial jets in a nonseparating confinement with low annular-
to-core-area ratio. The effect of two velocity ratios on mixing is
examined for nearly a constant net mass flow rate.

Experimental Method

The experiments were carried out in a closed-circuit, all-steel
wind tunnel consisting of two concentric contractions discharging
airstreams with different velocities into the test section (a constant-
diameter mixing duct) as shown in the inset to Fig. 1. The airflow
was generated by two separate identical centrifugal blowers driven
by two ac motors, each with 30-kW power. The return leg of the
test rig opened into a plenum chamber that provided connections
to the blower inlets. The airflow for the core stream was supplied
through a settling chamber housing a perforated cone and a pair of
stainless-steel wire screens serving as flow-straightening devices.
Because no flow correctiondevice was used for the annular stream,
a relatively higher contraction ratio of 13.3 was employed for it
against the contraction ratio of 7.4 for the core stream. The two
coaxial airstreams were allowed to mix freely in the mixing duct
having a length of 1000 mm and the same diameter as that of the
outer jet of 380 mm. The inner jet diameter of 330 mm and its
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Fig.1 Mixing duct wall pressure distribution.

nozzle (contraction) wall thickness of 5 mm left the annular gap of
20 mm at the entry to the mixing duct, thus providing the outer-
jet-to-inner-jet-arearatio B of 0.26. A static frequency inverter was
used to make the motor speed smoothly variable in the range of
5-100% of the rated speed. However, this static frequency inverter
could be connected to only one of the two motors at a time, thus
leaving the other motor running at the rated speed of 2800 rpm.

The experiments involved measurements of the mixing duct wall
pressures, the mean velocity, and the turbulence intensities. The
pressure distribution was obtained through equally spaced pressure
taps of 0.5-mm diameter using a Furness Controls micromanometer,
Model FC-0510, in conjunction with a multichannel box. Measure-
ments of the mean velocity and the turbulence intensity were made
with a 5-W argon-ion laser-based Dantec fiber-optic laser Doppler
velocimetry (LDV) system operating in a single-componentmode.
Di-octyl pthalate particles, typically in the range of 1-2 um, were
introduced in the tunnel circuit as seed particles. The mixing duct
was provided with an optical window all along its length. The LDV
probe was traversed in a horizontal plane to accomplish measure-
ments along the test section radius at several axial locations. A
burst spectrum analyzer, Model 57N10, was used for processing
the signal. Typically, 8000 samples were acquired at a point; how-
ever, the sample size was increased to 15,000 in regions of rel-
atively high velocity gradient. Measurements of the mean trans-
verse velocity component, performed at various locationsincluding
the high shear region, indicated that the flow had no detectable
swirl 8

The motor speeds were adjusted such that the outer-to-inner-
velocity ratios A of 0.3 and 3.0 were obtained without changing
the net mass flow rate. However, the jets being somewhat inter-
dependent due to parallel connection of the blowers in the closed
circuit, these inversely opposite velocity ratios of 0.3 and 3 could be
obtained, respectively, at the mass-averaged velocities U, of 30.8
and 31.3 m/s. The Reynolds number based on the mass-averaged
velocity and the mixing duct diameter was calculated to be about
5.7 x 10°. The LDV measurementsin the nozzle wall boundary lay-
ers could not be made due to the practical difficulties involved in
focusingthe laser beams at those locations. Nonetheless, a pitot tube
traverse indicated the boundary-layer thickness of about 2 mm on
either side of the nozzle lip. The freestream turbulence levels of the
inner and outer jets, measuredclose to the nozzle exitat x /r, =0.12
at the midradius of the jets, were 1.9 and 5.2% for A =0.3 and 1.7
and 4.2% for A =3, respectively.

The maximum error involved in the calculation of C,, was found
to be 1.3%. Following Cenedese et al.,” the maximum error in the
LDV measurement was found to be 0.4% for the mean velocity and

3.2%forthe turbulenceintensities. From the integrationof measured
velocity profiles at various streamwise stations, the conservation of
mass was checked and was found to be within 1.7%.

Results and Discussion

Distribution of the mixing duct wall pressures along the flow di-
rection is shown in nondimensional form in Fig. 1. For the lower
velocity ratio A = 0.3, a continuousrise in pressure with mild gra-
dientis registered, whereas for A = 3, the trend is the opposite. This
is in agreement with the pressure variation reported in the initial
mixing region by Razinsky and Brighton' and Choi et al.,* although
the diameter ratio in their setup was much larger and they did notin-
vestigate the case for A > 1. If the wall and wake effects are ignored,
the pressure coefficient achieved on completion of the mixing can
be determined from the momentum balance as follows:

_2B+ DB +D 5
P (BA + 1)?

Clearly, the velocity ratio and the area ratio, both in combination,
will dictate a positive C,, value. Thus, the observed reversal of the
pressure distribution with negative gradient for A =3 is surprising
and was not expected. In fact, the pressure gradient was found to
become substantially more negative with further increase in the ve-
locity ratio.® These findings indicate a severe influence of smallness
of the area ratio in terms of viscous losses arising from the strong
interaction between the wall and the turbulent shear region in close
proximity with increasingly vigorous mixing.

Figure 2 depicts profiles of nondimensional mean velocity,
streamwise turbulenceintensity, and transverseturbulenceintensity.
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Fig. 2 Distribution of mean velocity, streamwise turbulence intensity,
and transverse turbulence intensity.
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Fig. 3 Turbulence energy content in the mixing duct.

A sharp dip in the mean velocity profiles at the first measuring sta-
tion (x /r, =0.12) illustrates a combined influence of the boundary
layers and wake of the thick splitter plate in the formative region
of the mixing layer. Mean velocity profiles for the subsequent sta-
tions indicate continuous exchange of momentum between the in-
ner and the outer jets through the entrainment to the mixing layer.
Consequently, the higher-velocity jet spreads into the region of the
lower-velocity jet, and the velocity gradient between the two re-
duces. A striking feature of these plots is a nearly uniform decrease
of about 14% for A = 0.3 and about 17% for A = 3 in the mean veloc-
ity between the first and the last measuring stations in the potential
core region due to the entrainment effect. Because the annular gap
in the present case is small, the spread of the core jet for A =0.3
in that region is spatially restricted by the duct, resulting in quick
acceleration of the flow, as is evident from the velocity profile at
x/r,=5.0. For A =3.0, the annular jet is required to penetrate a
relatively large core area, and hence an appreciable velocity gradi-
ent s still seen to persist at x/r, = 5.0; nevertheless, by then up to
about 80% of the potential core is already consumed in the mixing
process.

Distribution of the streamwise and transverse turbulence inten-
sities at the first station, x/r, =0.12, clearly illustrates potential
regions of the core and annular jets and the mixing layer. Nearly
equal magnitudes of intensity of both of the turbulent components
in potential regions indicate somewhat isotropic behavior and cor-
respond to the respective freestream turbulence levels. As the flow
develops at the subsequent measuring stations, the streamwise tur-
bulence intensity becomes consistently higher compared with the
transverse turbulence intensity, but their distribution is seen to re-
tain similar characteristics: The magnitude of the turbulence peaks
in the mixing layers initially increases and then decreases along
with broadening of the peaks. This feature is more prominent for
A = 3.0 with effective spread toward the core axis. It is also noticed
that the turbulence in the wall region grows steadily and eventu-
ally levels with the peak in the mixing region at the last measur-
ing station. When collated with the results of Kulik et al.,” ob-
tained for higher area and velocity ratios but for the same length-
to-diameter-ratio mixing duct, the overall trends are found to bear
appreciable similarity, indicating that the flow changes are more
pronounced in and around the stream of smaller area. It is further
understood that for confined mixing the momentum ratio of the
two streams is more important as it incorporates the effect of area
ratio.

Figure 3 shows the plots of nondimensional turbulence energy
available across the cross-sectional area of the mixing duct along
its length at various distances from the splitter plate trailing edge.
The turbulence energy was computed from integration of the mea-
sured turbulenceintensities,shown in Fig. 2, assuming that the third
orthogonal component of turbulence (not measured) is equal to the
transverse component. Thus the nondimensional total turbulence
energy per unit mass in any radial plane is given by

0= 4 /u2) + (w2 02) @

For the velocity ratio A = 0.3, the turbulence energy reaches its
maximum quickly in the formative region and then continues to
decay farther downstream, whereas for A = 3.0, the rise in the tur-
bulence energy is seen to build up monotonously, first rapidly and
then at a gradually diminishing rate until the last measuring plane at
x/r, =5.0. A value of turbulence energy that would be expected to
approach asymptotically for a fully developed turbulent duct flow,
7 ~0.01, is also marked for the purpose of comparison of eventual
convergence of the turbulence energy curves to this value. Thus, it
appears that the mean flow will transfer energy to the turbulence
components for the case when A = 0.3, whereas the excess turbu-
lence energy production due to strong interaction of the Reynolds
stress with the mean shear for A = 3.0 will be dissipated as the flow
develops further. What is surmised from the limited test results for a
geometry with low annular-to-core-arearatio is that the mixing be-
tween the coaxial streams occurs at the entrainmentlevel for A <1,
whereas it occurs at a finer scale for A > 1. In the latter case, a
more homogeneous mixture is expected due to intense turbulence
promoting effective diffusion of the entrained mass.

Conclusions

The presentexperimentalinvestigationon confined turbulentmix-
ing has elicited certain characteristic features of a special case of
coaxial ducted jets with low annular-to-core-arearatio for two dif-
ferent velocity ratios at nearly the same net mass flow rate. At the
higher velocity ratio, the wall proximity effect becomes particularly
pronounced,thereby resultingin 1) a significant pressureloss across
the duct length contrary to the expected pressure rise due to mixing
and 2) production of high turbulence that enables intense mixing to
occur at fine scale.
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