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INTRODUCTION

The investigation of coaxial jets with weak counter-swirl
can allow the influence of the transverse instabilities on
wake or mixing layer developments to be better under-
stood. The understanding of these phenomena is of pri-
mordial importance for the improvement of many indus-
trial applications such as combustors, industrial burners,
trailing vortices of aircraft... In addition, these rather sim-
ple geometric arrangements are useful for code validations.

We focus here on the analysis of the influence of the
transverse shear on the development of wake flows. Several
experiments are carried out in a specially designed wind
tunnel allowing to generate two coaxial jets with counter-
swirl. The swirl level that introduces the transverse shear
AW , and the exit velocity can be independently adjusted
for each jet.

By setting the same longitudinal component velocity
(Ue) to the two jets, a wake-like flow can be observed im-
mediately downstream of the trailing edge. By imposing
to these two flows a counter-swirl, a constant shear in the
radial direction is created. Thus a wake flow is obtained
that develops in the midst of constant shear perpendicular
to the direction of the global convection (Fig. 1).

EXPERIMENTAL SET-UP

The wind tunnel consists of two coaxial plenum cham-
bers with attached swirl generators and contractions. Each
swirl generator is constituted of 36 orientable radial inlet
vanes and is far upstream of the jet exits to reduce the tur-
bulence level (see Nayeri et al (1996)). The contraction ra-
tios are 1:9.8 for the inner jet and 1:12 for the annular one.
The turbulent mixing zone which develops downstream the
inner cylindrical splitting plate is investigated (Fig. 1).

The diameters of the inner and the outer jets are respec-
tively 24 cm and 40 cm. The diameter D of the inner jet is
large compared to the momentum thickness 6 of the bound-
ary layer at the trailing edge (/D ~ 0.004), in such a way
that the axisymmetric shear layer can then be assumed to
behave like in a plane configuration (Michalke (1971)).

Figure 1: Schematic of the investigated flow.

A cylindrical test section of diameter 40 cm and length
1.5 m, made of plexiglass, is mounted flush to the exit of
the external jet in order to shield the flow from external
perturbations. The boundary layers are tripped to provide
a complete transition and to be turbulent at the trailing
edge of the axisymmetric splitter plate.

The exit flows conditions were determined by single hot-
wire constant temperature anemometry measurements.
The main characteristics of the flow under study are:

- mean axial velocities of the inner and outer jets are
both equal to U. = 27 m/s.

- the exit turbulence level in the core of the two jets are
less than 0.5%.

- the momentum thicknesses 8 of the two jets are respec-
tively 0.9 mm for the outer jet and 1.1 mm for the inner.
These values allow to obtain the Reynolds numbers based
on the momentum thickness: R. = 1714 for the outer jet
and R. = 2266 for the inner jet.

The velocity component along the streamwise direction
z is noted U. The radial direction, perpendicular to the
trailing edge is noted y and the corresponding velocity com-
ponent V. The third axis, z, is tangent to the trailing edge.



45"

A-A

Figure 2: Diagram of the four hotwire probe (all dimen-
sions in mm).

The corresponding velocity component is W and can be ad-
justed from 0 to 15 m/s by varying the angle of the radial
blades. The origins are z = 0 and y = 0 at the trailing
edge.

The resulting flow is built from the superimposition of
a wake and a mixing layer. In a similar way than in the
case of plane wake configurations, the local velocity defect
of the streamwise velocity is noted U.(z), and the wake

thickness b is defined by:
(Ua — U(z,y:b))/ﬁs(:n) = 0.61.

The characteristic scale corresponding to the mixing layer
is AW, the difference of azimuthal velocities. This quantity
is found to be independent of the streamwise location. The
usual vorticity thickness can be defined by:

5. (z) = AT/ (%y))

max

MEASUREMENT TECHNIQUE

In order to address the highly three-dimensional charac-
ter of the flow, the measurements were performed by using
a home-made four-wire probe (see e.g Jacquin et al (1995),
Bruun (1995)). The probe is built of four slanted (45°) sub-
miniature probes (micro-welded 2.5pm Platinum-plated
Tungsten wires with approximatively 0.7 mm length). The
four wires are oriented following a pyramidal distribution
(Fig. 2). The diameter of the probe body is 2 mm and
the measuring volume can be approximately included in a
sphere with 1.3 mm diameter.

The calibration procedure consists, first, in placing the
probe at zero yaw and pitch, in the center of the poten-
tial core of a calibration jet. Varying the jet velocity, a
set of {(anemometer voltage e;),(velocity @Q;)} pairs is ob-
tained for each wire ¢ wich allows to calculate, by a least
square method, the King’s law (1) coefficients a;i, bi, n;.
The voltages issued from the anemometers are then related
to the effective jet velocity @ by:

612 = a; + b; Q:l’ (1)

In a second step, the yaw (a) and pitch (§) angles are
varied for different velocity levels. Using the a;, b;, n; co-
efficients determined in the first step, equivalent velocities
V; = ((e? — ai)/bi)l/"’ can be determined for each angu-
lar position and velocity level. From these velocities and
using a method similar to the one followed by Jacquin et
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Figure 3: Calibration chart: yaw and pitch sensitivities.

al (1995), two angular coefficients Ko (o, 8), Kg(a, ) (re-
lated to the normalized difference of equivalent velocities
Q: for opposite wires) and a correction factor Cy(a, §) for
the modulus of velocity are calculated. Figure 3 shows the
iso-values of Ko and Kg as a fonction of («, 3) and a typi-
cal example of the sensitivity of the probe to the flow direc-
tion. The calibration is carried out over a mesh of 19x19
angular positions (yaw and pitch angles between -31.5° and
31.5°) and 15 velocity levels (8 < @ < 34 m/s). The typical
duration of probe calibration is about 6 hours. In order to
accelarate the data analysis, preliminary interpolations on
the calibration meshes are carried out, making possible the
use of the Look-Up-Method on regular meshes with dimen-
sion 100x100. The calibration method used allows to avoid
the “a priori” knowledge of the wires orientation and does
not need to introduce for example a Jgrgenssen equation
(e.g Bruun (1995)) to express the effective velocity. The
validation of the probe has been achieved by comparing
several velocity profiles measured by cross hotwire probe
and LDA, in a reference flow (see Béharelle (1996)).

RESULTS

A first set of experiments was carried out to obtain dif-
ferent velocity profiles downstream of the trailing edge for
different levels of the transverse shear (AW =0, 2, 4, 7, 8.5,
10 and 15 m/s). These measurements were achieved for 16
longitudinal positions: z = 10, 50, 100, 150, 200, 250,
300, 350, 400, 450, 500, 600, 700, 800, 900 and 1000mm
(0.041 < z/D < 4.16). For each location, 51 positions
were acquired in the radial direction y with 20480 samples
per point of measurements. These measurements allowed
us to obtain characteristic thicknesses (momentum, vortic-
ity, wake thickness...), to reveal the evolution of the mean
and turbulent fields, and to establish the kinetic energy
balance.

Mean velocity profiles.

The evolution of two characteristic configurations are de-
picted here: AW = 0 and AW = 10m/s. The first case
AW = 0 allows to validate the flow by comparison with
the classical plane wake and the second case AW = 10m/s
shows the effects due to the transverse shear, mainly the
creation of a mixing layer in the azimuthal direction. The
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Figure 4: Evolution of U a) without transverse shear and
b) with transverse shear.

other cases with_transverse shear having a similar behavior
than the case AW = 10m/s, they are not described in this
section.

Mean streamwise component.

Figures 4.a and 4.b show some examples of the stream-
wise evolution of the longitudinal velocity profiles with and
without cross-shear. We can observe that, whatever the
studied case is (with or without transverse shear), all the
profiles are characteristic of a wake evolution.

The influence of the transverse shear on the deficit of the
longitudinal velocity component is negligible. However, the
thickness 2b is slightly increased when a transverse shear
is applied.

With transverse shear, in the similarity region, the
present results no longer correspond to those found by
Hackett and Cox (1970) in their theoretical study of the
three-dimensional mixing layer between two grazing per-
pendicular streams. Indeed, these authors obtain constant
velocity profiles for the component U.

In our cases, the velocity profiles correspond to those
observed in regular plane wake case, with an evolution of
the form:

Ue—-U

1 2
= ¢ 2¢ 2
7 (2)
where U, is the convective velocity, ¢ the similiraty vari-
able (here y/b). cis a constant.

Mean azimuthal component.

When the transverse shear is added, the downstream evo-
lution of the azimuthal profiles (Fig. 5) shows that the
value of AW remains constant along z. The shape of the
profiles is in agreement with those suggested by Hackett
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Figure 5: Evolution of W with transverse shear.
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Figure 6: w'v’ evolution with and without transverse

shear.

and Cox (1970) concerning the evolution of W in the re-
gion of similarity. This behavior corresponds to the typical
evolution of a regular mixing layer:

w
W = erf(on) (3)

where 5 = Y and o is a constant.

Thus, the gransverse shear creates a constant shear
mixing layer in the azimuthal direction z. This shear
layer is superimposed on the wake still developping in the
downstream direction . When the wake effect vanishes as
it develops downstream, the flow generated is a mixing
layer in the y — z plane convected downstream in
the z direction.

In its last part (z > 600), the flow can be viewed as a
temporally evolving mixing layer, providing that the con-
vection velocity (U) is quasi constant and normal to the
constant mean shear obtained with opposite equal veloc-
ities. The application of the Taylor hypothesis is in this
case straightforward.

Second order moments.

u’v’_profiles.

u'v’ is the cross momentum which allows to characterize
the streamwise velocity gradient in the y direction. One
can observe in Fig. 6 that without transverse shear, the
shapes of the velocity profile are typical of a plane wake.

In the case with tranverse shear (Fig. 6), the evolution

of u’v’ remains close to that of a plane wake, with a small
decaying level.
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shear.

v'w’ profiles.

v/w’ is the cross momentum which allows to quantify
the azimuthal shear. We can observe in Fig 7, in the case
without transverse shear, that v’w’ profiles are almost zero.

At the contrary, in the case of cross-shear, the shear
stress v’w’ corresponds to the primary mean shear stress of
a plane mixing layer (Fig. 7). Its maximum value remains
constant, as it is the case for self-similar flows.

Considerations on the Reynolds tensor structure.

The comparison of the terms w’?, v/2, w’? gives a good
approach of the flow behavior in the similarity region.

In free shear flows, for a gradient 9U /3y, the experi-
mental results of the literature show a consensus with the
following relations:

u? ~ 1,702 ~ 1.4uw”? (4)

Using this relation, we can define the two following quan-
tities:

g

72 1
Vi== g™

1.4w”? + 1.7072

2u'’?

~1 (5)

0.71, oy =

V]

We can observe in Figs. 8-a) and 8-b) that the case without
transverse shear (“pure wake”) is in good agreement with
the values given in (5).

In the case with transverse shear 9W /3y, the role of U
and W are somewhat inverted. Consequently, we can guess
the following relations:

—= -5 =
O S vk o S (6)
U1 u’? ’ 2w

The experimental results can be observed in Figs. 8-a) and
8-c). When the transverse shear is important, the quan-
1.4u’2 +1.70"2

2w'?

tity w’ /u’? tends towards 1.4 and the ratio

towards 1.

From w’v’ and v'w’, two mixing lengths l,, and .,
can be defined. The first one is associated with the wake
and the other with the mixing layer. A simple Boussinesq’s
hypothesis can be applied:

I v U ..
w'in'y = —vij, <£ + &BZ) (1,7) = (1,2) and (2,3)
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and ly23/(z — ©,) with downstream distance z.
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Where:
o
dy

U
| =
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Vi2, = lm12 mo3

The downstream evolutions of the mixing lengths deter-
mined at the maximum radial gradient location are plotted
in Fig. 9 for several values of transverse shear. The val-
ues are non-dimensionalized with the streamwise distance
from the trailing edge. These two quantities characteriz-
ing the longitudinal shear (I,n,,) and the transverse shear
(lmss ), present rather small variations and converge to-
wards a common value. The similar evolution for the mix-
ing length by, and by, seems to indicate a similar growth
for the two superimposed flows (wake and mixing layer)
and a common turbulent length scale in the downstream
and transverse directions.

Turbulent kinetic energy (T.K.E.).

Figure 10 represents the evolution of the maximum of
the turbulent kinetic energy (k = 1/2 (u’2 + 02 4+ 'w’Q)).
The values are non-dimensionalized by the convective ve-
locity U.. In the similarity region, we observe that the
value of k,.qz Increases with the rate of transverse shear.
Nevertheless, for each studied configuration, we notice a
stabilization of this maximum beyond a certain distance.
The final value is higher when the transverse shear is high.

Kinetic energy balance.

For the free shear flows, the T.K.E. equation can be
schematically expressed as:

CONVECTION = PRODUCTION 4+ DIFFUSION

+ REMAINDER

where
REMAINDER = DISSIPATION

+ PRESSURE TRANSPORT

The terms of convection, production and diffusion have
been directly computed from the four-hot-wire probe data.
The “remainder has been evaluated by balancing the
T.K.E. equation. Taking into account the highly 3D char-
acter of the flows, no attempt was made to estimate the
dissipation. For example, the assumptions of isotropy of
dissipative domain are not proven to be valid and the tech-
nique proposed by Wygnanski and Fiedler (1969) can be
questionable for this flows.

Two characteristic balances are shown in Figs. 11 and
12. The first case, without transverse shear (AW = 0 m/s)
has been chosen as a reference data that can be compared
with the “classical” plane wake. The second case (AW =

' (7)
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Figure 12: Kinetic energy balance with transverse shear.

10m/s) is used to evaluate the influence of the transverse
shear on the development of a “wake” type flows. Each

term has been non-dimensionalized by the ratio b / AT,

We can check in Fig. 11 that the overall behavior of the
balance for the case AW = 0 is similar to the one obtained
in the developed region of a plane wake (see Rodi (1975)).
In particular, a negligible production can be observed at
the location where the mean velocity deficit is maximum
(here the axis). When transverse shear is added, dramatic
modifications of the T.K.E. balance are observed, as plot-
ted in Fig. 12 and the shape of the different terms seems
to be then similar to the one observed in a “classical” mix-
ing layer (see Rodi (1975)). Moreover, it should be noticed
that the level of the terms of the balance are increased
by a factor 10. This change of behavior implies for ex-
ample, that without transverse shear, the convection term
is mainly a gain of energy when, with transverse shear,
it becomes a loss. In the same way, the production of
T.K.E., which is zero at the location ¥y = 0 in the case
where AW = 0 m/s, becomes the most important term
when a transverse shear is imposed. This behavior is due
to the fact that the gradient 0W /Jdy is maximum at this
location. The energy losses due to the diffusion in the ex-
ternal parts are maximum when the shear are maxima.
Thus, in the case without transverse shear, the term of dif-
% ~ +1,5 and at the location

y = 0 for the case with transverse shear.

fusion is maximum at



CONCLUSION

This study contributes to a better understanding of the
complex phenomena produced by addition of a transverse
shear on the development of the free shear flows.

That configuration allows to built an experimental data
base on the evolution of the axisymmetric mixing layer
between coaxial jets with swirl.

Among all the possibilities given by the facility, only the
“wake” configuration has been studied. Thus in all the in-
vestigations achieved, the exit velocities of the two jets are
equal and only the swirl number of the inner and external
flows are changed (in opposite sense).

The results show from the mean velocity profiles, the sec-
ond order momentum and the energy balances a change of
state when a transverse shear is applied. In the near field,
the flow is dominated by the trailing edge effects then can
be seen as a wake flow under transverse shear. In the far
field, when the wake deficit has nearly vanished, we ob-
serve a transition which brings the flow to a state similar
to a mixing layer. This flow can be seen as a temporally
evolving mixing layer, where the quasi-uniform convection
velocity plays the exact role of time with a Taylor hypoth-
esis. This detailed investigation of a “pure shear layer”
allows to provide a data base that can be directly com-
pared with theorical or numerical simulations.
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