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Abstract

The velocity and mixing field of two coaxial jet
configurations has been experimentally characterized
by means of hot- and cold-wire anemometry to inves-
tigate the effect of the initial conditions on the flow de-
velopment, and to determine the leading processes in
the “mixing transition” of the two streams. Amongst
the possible operating conditions, four configurations
with different inner and outer jet bulk velocity pairs
(U;,U,) have been spatially characterized in terms
of velocity and mixing field covering a region where
0.5 <r, =U,/U; <3 with two different separation
wall geometries, namely a sharp and a thick separating
wall. For high velocity ratios the difference between
the two geometries appears small and inside the exper-
imental accuracy. On the other hand, for nearly unitary
velocity ratio and with the thick wall configuration, the
presence of a strong wake instability increases the in-
terpenetration between the two streams enhancing the
mixing process.

1 Introduction

Two coaxial jets which interact and mix belong to
the class of flows that are of great interest from both
the research and industrial point of view. Even though
they have a relatively simple geometry, the flow-field
depends on many different parameters which, if they
can be easily changed, make coaxial jets suitable for
studies of different phenomena related to stability,
mixing and turbulence. The definition of the variables
able to effectively control the flow dynamics has high
applicative potential because coaxial jets can be con-
sidered a prototype of many industrial burners, but still
simple enough to be experimentally characterized in
the laboratory.

Early investigations, see for instance Ko and Kwan
(1976) and Dahm et al (1992), have focussed on the
effects of the velocity ratio between outer and inner
jet bulk velocity, r, = U,/U;, on the flow field ini-
tial evolution pointing out that for r, > 1 the outer
jet shear layer instability is strong enough to drive the
inner shear layer. This was confirmed by the experi-
mental study of Rehab et al (1997) and the numerical
simulations of da Silva et al (2003). They demonstrate

that in this regime there is a clear dominance of the
outer shear layer, which dictates the vortex formation
frequency in both shear layers. This so called lock-in
phenomenon, seems to hold until the velocity ratio is
up to a critical value of around 8, after which there is
a strong recirculating region in place of the inner jet
potential core.

Conversely, inside a given range of velocity ratios
close to 1, Buresti et al (1994) demonstrated that, for a
thick enough separating wall, a new instability mecha-
nism dominates the near field dynamics and vortices
periodically shed behind the separation wall. This
mechanism (already observed in turbofan engines as
a strong noise source; Olsen and Karchmer, 1976) is
passive and it does not require any external energy,
making this phenomenon interesting from the control
point of view.

A clear and exhaustive analysis of the mixing in
a coaxial jet through the different phases of the mix-
ing process, starting from the instability of the flow up
to the onset of molecular mixing has been performed
by Villermaux and Rehab (2000). In their work they
stressed the importance of the presence of persistent
large-scale structures, which, as a results of a primary
instability of the flow, increases the interpenetration
between the flows accelerating the mixing transition.

By means of inviscid linear spatial stability anal-
ysis on several coaxial jet base-flows, Talamelli and
Gavarini (2006) provided a theoretical background by
which the instability modes present in their geometry,
and the range of operating parameters where a region
of absolute instability was present, could be obtained.
They found that two unstable modes were associated
with the presence of the wake behind the inner duct
wall. For sufficiently high velocity defects, and for a
limited range of velocity ratios around unity, one of
these last two modes may become locally absolutely
unstable. In the same work the absolute instability fre-
quency was theoretically estimated.

The shedding frequency has been recently thor-
oughly characterized by Segalini and Talamelli (2011)
as function of the operating conditions. The results
pointed out the existence of three regions with dif-
ferent dominant physical mechanisms: for r, < 1 a
clear dominance of the inner shear layer was observed,



in agreement with the observations of Ko and Kwan
(1976). On the other hand, for r,, > 1 the outer shear
layer was instead driving the dynamics, as observed
by da Silva et al (2003), while for r,, ~ 1 the vortex
shedding was strong enough to dominate the dynam-
ics. Buresti et al (1994) proposed that the shedding
frequency should be determined by the thickness of the
separating wall and by the average bulk velocity. Se-
galini and Talamelli (2011) improved this estimation
by accounting for the thickness of the side boundary
layers and for the velocity ratio.

As stated by Talamelli and Gavarini (2006), and
underlined by Orlii et al (2008), only a thick enough
wall can create the conditions for a significant wake
instability. A threshold thickness value to the onset of
the wake instability could be expressed by using the
results of Dziomba and Fiedler (1985) where the au-
thors, studying the effect of initial conditions on mix-
ing layers, found that for a separating wall thickness of
less than 50% of the sum of the displacement thickness
of both boundary layers no effect in the self-similar re-
gion was noticeable.

Even though the instability process behind the wall
has been studied theoretically and experimentally, the
effect of the shedding phenomenon in the subsequent
flow evolution is still unclear. It is clear that the flow
field is strongly influenced in the near exit region,
while the differences tend to disappear moving down-
stream, at least in a statistical sense. Here we would
like to characterize experimentally both the velocity
and mixing field limiting the analysis to the near exit
region of a coaxial jet configuration. In particular, two
different separating wall geometries have been tested
in this paper to investigate the effect of different initial
boundary conditions on the flow field in terms of ge-
ometrical boundaries, and fluid parameters as well, on
the velocity and mixing characteristics. Even though
the description of the effective mixing characteristics
of the jet is quite complex (see Villermaux and Re-
hab, 2000), we believe that the presence of large scale
structures may strongly influence the initial interpene-
tration between the two streams and therefore deeply
affect the evolution of the mixture.

2 Experimental apparatus and mea-
surement techniques

The experiments have been carried out in the Coax-
ial Air Tunnel (CAT) facility in the laboratory of the
Second Faculty of Engineering in Forli. A descrip-
tion of the facility can be found in Segalini and Ta-
lamelli (2011). In the present experiment, two types
of separation walls between the two streams have been
used. The first one has a thickness of ¢t/D; = 0.1,
where D; =50 mm is the inner jet diameter, and ends
abruptly in a rectangular geometry. The second one
ends with a sharp trailing edge, making the wake thick-
ness negligible (¢/D; ~ 0) with respect to the sum of
the side boundary layers thicknesses. In the following

the aforementioned separating walls will be referred to
as thick and sharp, respectively.

To characterize the mixing field the outer jet has
been heated by means of electrical resistors placed at
the inlets of the outer settling chamber. The amount
of temperature increase has been kept small enough to
consider the temperature as a passive scalar, while it
has still been large enough to ensure a high tempera-
ture resolution.

The velocity measurements have been performed
by means of a DANTEC 55P61 X-wire probe in com-
bination with a home-made cold-wire probe with an
2.5 pm Platinum wire with a length-to-diameter ratio
of 200. The cold-wire has been placed 0.5 mm up-
stream and apart from the X-wire with an angle of 35°
to the X-wire, to reduce the blockage downstream the
X-wire. The hot-wires have been operated in constant
temperature (CT) mode with a resistance overheat ra-
tio of 80%, whereas the cold-wire in constant current
(CC) mode at a constant current of 0.5 mA, by means
of an DANTEC StreamLine and an AA-lab AN-1003
hot-wire anemometry system, respectively.

The cold- and hot-wires have been calibrated
slightly upstream the inner nozzle against a thermo-
couple and Prandtl-tube, respectively. The axial and
radial velocity as well as the temperature are acquired
simultaneously and enable therefore the instantaneous
compensation of the velocity readings as well as the
calculation of the instantaneous heat fluxes.

In the following all capital letters will indicate
mean quantities while primes will indicate standard
deviations. Due to the axial symmetry of this geom-
etry, a cylindrical coordinate system (x,r, ¢) has been
adopted with corresponding velocity vector compo-
nents (u,v,w) to indicate the streamwise, radial and
azimuthal velocity, respectively. In accordance with
conventional notation, the temperature will be reported
in dimensionless form

T(t) — Tum
(1) = 7= Tomt - (1)

where T (t) is the instantaneous temperature measured
by the cold-wire, T},4, and Ty, are the maximum
exit and ambient temperature, respectively. The ad-
vantage of the above non-dimensionalization is that
0 (t), being a passive scalar, will remain bounded be-
tween 0 and 1.

3 Results and discussion

Initial conditions

In order to analyze the stability properties of the
flow that affect the mixing between the two streams,
the details of the different boundary layers at the jets
exit have to be fully documented. Details of the
two inner boundary layers have been reported in ta-
ble 1, where a set of power law coefficients are given
to calculate the momentum thickness and the max-
imum rms amplitude for a given Reynolds number



Thick wall case BL properties

state A n k A H 099 /0

BL1 laminar  0.4023 -0.4142 3.565-1076 0.8425 3.126 2.393 7.046

BL2 laminar 0.354  -0.4208 8.357-107° 0.5941 12.007 2.247 7.828
Sharp wall case BL properties

state A n k A H dg9/0

BL1 turbulent 4-107% 0.2785 7.036 -0.3745 N.D. 1.689 8.010

BL2 laminar  0.2187 -0.3387 2.7-1073 0.1983 1951 2540 8.450

Table 1: Boundary layer properties for both separating wall geometries: Coefficients for the relations /D = A - Re™ and
Unyaw/Uso = B - Re”, the Pohlhausen A coefficient, the mean shape factor A and the ratio dog /9.
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Figure 1: Radial profiles of the mean velocity for different velocity ratios (1°¢ row) r., & 0.5, Re & 7000; (2 row) 1, = 1,
Re & 7000; (3'Y row) ry = 2, Re & 3500; (4" row) r,, & 3, Re &~ 1750 at three streamwise stations (15% column)
x/D; = 0.04, 2" column) z/D; =1, (3" column) x/D; = 2 and different separating wall (Solid line) thick wall,
(Dashed line) sharp wall. The dots indicate the radial locations of the thick wall.

Re = U D;/v (Us is the inner jet velocity for BL1
and outer jet velocity for BL2; cf. Segalini and Ta-
lamelli (2011) for definitions). Also, the average shape
factor H, dgg /6 thickness ratio and the Pohlhausen A
coefficient are reported to enable reconstruction of the
boundary layers as an approximate polynomial func-
tion (Schlichting, 1968), in order to give a complete
description of the initial conditions for future CFD
comparisons.

It must be pointed out that while in the thick wall
case, BL1 is still laminar and almost self-similar even
at the lowest Reynolds number, this is not the case for
the sharp separating wall where, due to the fact that the
sharp wall presents a diverging section where the ve-
locity decreases, the boundary layer BL1 appears to be
still transitional and reaches the self-similar turbulent
state for Regp > 500. On the other hand, the boundary

layer BL2 is laminar independently from the separat-
ing wall geometry as indicated in table 1.

Velocity field

It is well known that the velocity field plays a great
role in the mixing process of a passive scalar. There-
fore, a good characterization of the velocity field must
be provided to understand the mixing process. Figure
1 reports the mean streamwise velocity profiles U/U;
for both geometries with the four velocity ratios con-
sidered here, as a subset of the available database. The
first noticeable difference between the two geometries
is due to the presence of a large wake component in
the velocity profiles measured with the thick separat-
ing wall mounted. There is a slight overshoot in the
velocity profiles close to the nozzle, probably accen-
tuated by the thick trailing edge that generates a clear
separating region and, consequently, a local accelera-
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Figure 2: Radial profiles of the mean passive scalar concentration. See figure 1 for the caption.

tion of the flow close to the side boundary layers. This
phenomenon is almost absent in the sharp wall case.

In the shear layer, the complex interactions of
wake-mixing layers lead to a competition between the
wake-like and the mixing layer-like behavior. The ve-
locity defect in the U/U; profile is a parameter that
discerns whether or not the wake is still present. All
investigated velocity ratios show wake traces immedi-
ately at the exit, but vanish after some distance from
the nozzle due to transport mechanisms. The length
of the region where the wake is observable is clearly
a function of initial conditions and finds its maximum
for a unitary velocity ratio and a thick wall geometry.
Beside the unitary velocity ratio case, the wake seems
to disappear downstream the first inner diameter, re-
placed by a shear layer, independently of the geometry
of the separation wall.

Passive scalar profiles

The mean passive scalar evolution at different
downstream stations is reported in figure 2. Although
the initial passive scalar profile is not close to a top hat
distribution, due to heat conduction across the settling
chamber of both jets and the thermal inertia of the fa-
cility, the conclusions regarding the mixing evolution
will be only partially affected by this and, nonetheless,
the comparison between the different separating wall
geometries can still be performed. Figure 2 shows that
an increased mixing is evident only behind the thick
wall configuration and for nearly unitary velocity ra-
tios. At all other velocity ratios the difference between
the two geometries appears small and within the ex-
perimental accuracy, clearly underlining that the pres-

x/D Ty thick sharp
0.5 0.5 0.126 0.101
0.5 1.0 0.205 0.091
0.5 2.0 0.131 0.112
0.5 3.0 0.333 0.254
1.5 0.5 0.183 0.121
1.5 1.0 0.330 0.082
1.5 2.0 0.206 0.145
1.5 3.0 0.245 0.243

Table 2: Mixing layer thickness, A, for different velocity ra-
tios and streamwise positions according to (2).

ence of an absolute instability behind the wall is a key
feature for the mixing behavior.

The passive scalar distribution behind the wall al-
lows the definition of a mixing thickness, A, as

U T
A= 4 / Odr with n:m—/ Odr,
log2 Jo 0
2

where r,, = 0.8D); is the radial position where the cen-
terline of the annular jet is located. The factor 4/ log 2
is included so that the hyperbolic tangent profile

_1 r—rg
@—2[1+tanh< 3 )]

will have A = 2§. The clear advantage of the pro-
posed thickness is that it does not rely on the local
derivative of the passive scalar profile (that can be sig-
nificantly affected by measurement uncertainties), but

ro>0, @B)
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Figure 3: Radial profiles of the passive scalar standard deviation. See figure 1 for the caption.

rather on the integration of a part of the profile. Ta-
ble 2 shows that a significant mixing enhancement is
possible only at an almost unitary velocity ratio, and
the differences reduce with the increase of the velocity
ratio.

The radial profiles of the passive scalar standard
deviation are reported in figure 3 furthermore under-
lining some aspects mentioned from the velocity field
analysis, namely that the fluctuation level is a strong
function of the velocity ratio, r,, and of the initial
conditions. In the shear layer region, in particular, the
fluctuations are always enhanced when the thick sep-
arating wall is employed. This is also the case imme-
diately at the jet exit and in the near field region (op-
posite to the velocity field), while the differences due
to initial conditions decrease moving downstream for
velocity ratios that depart from the unitary value. The
r, = 1 case exhibits a higher 6’ with the thick wall
even at x/D; = 4 (not shown). A conjecture which
explains this high level of fluctuation is that strong
vortices are shed from the separating wall, each one
containing a large amount of hot/cold unmixed fluid.

Figure 4 shows velocity and concentration power
spectrum behind both thick and sharp separating wall.
The figure, describing the energy content of the fluc-
tuations at different frequencies, sheds some light in
their nature and behavior. Behind the thick wall case
the power spectrum of the concentration fluctuations
indicates the passage of clear periodic disturbances
with a peak located at frequencies, which correspond
clearly to the primary instability of the wake (with
their harmonics). Even though the sharp wall case
does not produce any clear and distinct peak for the ve-

locity field, the concentration fluctuations show some
periodic activity even though with a low energy con-
tent, which is most probably related to the shear layer
instability mode. Moving downstream (not shown in
the picture) the spectra peaks become more and more
reduced and they progressively lose the memory of the
initial instability.

A confirmation of the presence of large scale
patches of interpenetrated fluids, generated by means
of a primary instability of the wake, can be assessed by
extracting the coherent patches of hot and cold fluid
through a conditional sampling technique. The trig-
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Figure 4: Velocity and concentration power spectral density
at r, = 1 for the thick (Solid lines) and sharp
(Dashed lines) wall configuration at x / D; = 0.25.
The spectra are made dimensionless with the in-
ner jet bulk velocity, U;, and inner diameter, D;.
(Gray lines) P,, (Black line) Py.
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Figure 5: Conditionally educed scalar fluctuations at ,, = 1 for the thick wall configuration at (a) «/D; = 0.25, (b) x/D; =

0.5, (¢) z/D; =1, (d) x/D; = 1.5.

gering event has been defined as the time where the
instantaneous radial velocity component exceeds its
average by a certain percentage of its rms value (i.e.
v>V +av).

Figures 5 reports the conditionally sampled radial
concentration fields with the thick wall for r, = 1.
The figure shows clearly the presence of interpene-
trated patches which are originated from the wake in-
stability. Moving downstream these still unmixed por-
tions of fluid start to be stretched and deformed, be-
coming more and more mixed.

The other velocity ratios and the sharp wall related
images are not presented because they are much more
affected by the jittering effect and the structures are not
clearly detectable with the adopted eduction method.

4 Conclusions

The effect of the nozzle geometry on the initial
evolution of the velocity and mixing field of two coax-
ial jets has been discussed in terms of the operating
parameters, namely the velocity ratio, v, = U, /U,
and the geometry of the separation wall between the
two streams.

The analysis of both the velocity and passive scalar
concentration field has shown that the thick wall ge-
ometry, for velocity ratios close to one, is a key fea-
ture for a faster mixing process since it enhances the
interpenetration of the two different streams. This is
due to the presence of a clear vortex shedding phe-
nomenon behind the thick separating wall which dom-
inates the flow dynamics in the near field. This effect
decreases significantly for small and large velocity ra-
tios for which the shedding phenomenon disappears.

This behavior has also been quantified by means
of a new thickness measure based on the mean scalar
concentration.
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