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Experimental Investigation of Coannular Jet Flow with Swirl
Along a Centerbody

M. O. Frey* and F. B. Gessnert
University of Washington, Seattle, Washington 98195

An experimental study was conducted in order to investigate the nature of incompressible coannular jet flow
with swirl along an unconfined centerbody. Swirl was imparted to the inner stream upstream of the nozzle exit,
and the ratio of the outer-to-inner stream mass flow rate ratio was fixed at unity. The results indicate that the
flow is dominated by coherent structures in the form of vortices that are shed periodically from the lips of the
nozzle. The presence of these vortices leads to large departures from local equilibrium, as indicated by the sign
of the turbulent shear stress, which does not always follow the sign of the local mean rate of strain. This
behavior causes the axial eddy viscosity component to vary widely throughout the flow and be negative in the
inner region of the mixing layer. Vortex-induced turbulence amplification also elevates turbulence kinetic energy
levels in regions of the flow where turbulence kinetic energy production rates have diminished. Analysis of the
data shows that closure at the full Reynolds stress transport equation level is required if the main features of the

flow are to be predicted with reasonable accuracy.

Nomenclature

Cols Co2 = empirical coefficients, Eqs. (9-12)

D = centerbody diameter, Fig. 3

D; = nozzle lip diameter, Fig. 3

k = turbulence kinetic energy

M =radial gradient of tangential angular
momentum, Eq. (15)

m; =mass flow rate of inner stream

m, =mass flow rate of outer stream

P = static pressure or turbulence kinetic energy
production rate

P, = ambient static pressure

R = centerbody radius, Fig. 3

Re’ = unit Reynolds number, U, ;/»

R, R, =nozzle lip radii, Fig. 3

Ri; = flux Richardson number, Eq. (13)

Ri, = gradient Richardson number, Eq. (14)

S = swirl number, Eq. (1)

u,v,w =velocity fluctuations in the x, r, and 6
directions, respectively

u,v,w = mean velocity components in the x, r, and
directions, respectively

Ui = bulk velocity of inner stream at x =0

U; = core velocity of inner stream at nozzle exit

U = core velocity of outer stream at nozzle exit

U, = streamwise mean velocity (vector sum of U
and W)

uj =rms velocity fluctuation in the direction of

S Us

u?, v2, w2  =Reynolds normal stress components

uv, uw, vw =Reynolds shear stress components

x, r, 0 = cylindrical coordinates, Fig. 3

a, B,y = empirical coefficients, Eqs. (7) and (8)

8 = swirl angle, tan—! (W/U)

€ =turbulence kinetic energy dissipation rate

v = kinematic viscosity
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Vrs Vrg = eddy viscosity components, Egs. (4) and (5)
Vyrs Vg = eddy viscosity components, Eqs. (9) and (10)
Vers V5o = eddy viscosity components, Eqs. (11) and (12)

Introduction

REVIOUS studies of unconfined coaxial jet flows, both

with and without swirl, have focused on local flow devel-
opment downstream of the nozzle exit in the absence of a
centerbody.!~* In the present study, the mixing of two coannu-
lar streams in the presence of a centerbody is considered in
order to examine a flow that simulates the essential features of
a swirling turbofan engine flow mixing with an axially directed
bypass flow. The overall flow situation can be represented
schematically, as shown in Fig. 1. Flow emanating from the
coannular nozzle consists of two shear layers that interact with
each other and with the turbulent boundary layer on the
centerbody surface. The flow is complicated by the presence
of coherent structures in the flow in the form of embedded
vortices, which are shed periodically from the lips of the
nozzle. These vortices have been observed in a turbulent jet by
Lau and Fisher® and Bruun,® who applied time-domain aver-
aging techniques to detect their presence. Vortex trains within
the inner and outer shear layers of a coaxial jet have also been
observed by Ko and his co-workers,”® who employed correla-
tion and conditional sampling techniques to investigate their
influence on the local flow structure. Results presented by
Kwan and Ko® show, for example, that when the core flow
velocity of the outer stream is less than that of the inner stream
(an operating condition simulated in the present study), then
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Fig. 1 Local flow behavior in the vicinity of the nozzle exit and
centerbody surface.
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Fig. 2 Proposed mechanism for turbulent shear stress generation
from periodic vortical motion.

the passage frequency of vortices in the outer shear layer
(relative to a fixed observer) is less than that of vortices within
the inner shear layer. This behavior is compatible with the
vortex patterns shown in Fig. 1.

The process by which a vortex train can lead to increased
Reynolds stress levels within a mixing layer has been discussed
by Lau and his coworkers.>!? In one of their studies,!” an
“‘extended vortex model” is proposed that describes how the
periodic passage of vortices in a mixing layer bounded by an
inner potential core (U>0) and outer ambient surroundings
(U =0) can increase Reynolds shear stress levels in that layer.
The authors’ arguments can be extended to the present flow
situation by recognizing that each shear layer in Fig. 1 is
initially bounded by regions of relatively high and low axial
mean velocity, as indicated in Fig. 2a. Under these conditions,
a positive uv shear stress will exist within each layer on the
basis of mean shear considerations alone, inasmuch as dU/ar

is negative throughout both layers. The magnitude of the

shear stress may be augmented, however, by the motion of
vortices on the basis of the following considerations: As the
leading edge of a vortex is convected past a stationary observa-
tion point, the vortical motion will induce a radial outflow of
relatively high velocity fluid from the inner region bounding
the shear layer. Conversely, relatively low velocity fluid from
the outer region will be transported radially inward as the
trailing edge of the vortex passes the observation point. This
sequence of events gives rise to an induced positive u fluctua-
tion when v is positive (leading edge condition) and an induced
negative u fluctuation when v is negative (trailing edge condi-
tion). This behavior is shown schematically in Fig. 2a, where
the solid arrows depict fluctuations associated with vortex
translation past a stationary point, and the dashed arrows
depict fluctuations induced by the convecting action of the
vortex. In a time-averaged sense, therefore, vortex motion will
induce a positive contribution to the uv stress component to
complement the level induced by mean shear effects alone.

If swirl is present in the flow, as shown in Fig. 1, then flow
in the inner shear layer is skewed relative to the xr plane. The
projection of a shed vortex in that layer onto the 70 plane
would then appear as shown in Fig. 2b, noting that this layer
is bounded by an inner region where W is positive and an outer
region where W = 0. Under these conditions, the v and w
fluctuation pattern is as shown in the figure, so that vortex-in-
duced fluctuations will make a positive contribution to vw in
a time-averaged sense. Inasmuch as rd(W/r)dr is negative
within the inner shear layer for the conditions shown in Fig. 1,
the mean shear will also make a positive contribution to vw,
so that both effects again complement each other. The overall
process is, of course, complicated by such events as vortex
pairing and shear layer merging, but both mechanisms for
Reynolds shear stress generation will still exist in merged re-
gions downstream of the initial mixing region, as long as
vortices are present within the shear layer.

In addition to vortex-induced effects in the flow, one must
also consider the possible influences of centrifugal-related in-
stabilities, noting that negative gradients of angular momen-
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tum exist in the inner shear layer for the operating conditions
shown in Fig. 1. These instabilities do not have a significant
effect on the flow, however, because shear-layer induced in-
stabilities (periodically shed vortices) dominate the present
flow situation, as demonstrated by Frey and Gessner!! in a
related paper. In that paper, profiles of the three mean veloc-
ity components and six Reynolds stress components are pre-
sented at various streamwise locations downstream of the
nozzle exit. These results show how the flow develops in the
initial mixing region and in the merged region downstream for
the operating conditions shown in Fig. 1 (U; > U, with swirl
present in the inner stream). The paper by Frey and Gessner
also includes a discussion of local flow behavior in the vicinity
of the centerbody from the point of view of specifying wall
functions in this region for prediction purposes. In the present
paper, the effects of vortex shedding are analyzed with respect
to their influence on the development of the two shear layers
that emanate from the coannular nozzle as they interact with
each other and with the centerbody boundary layer. This is
done by examining turbulence kinetic energy production rates,
eddy viscosity component behavior, Richardson number be-
havior, and phase differences between stress/mean strain rate
angles in the flow.

Experimental Program

The overall flow facility is the same as the one described by
Mattingly and Oates,!? except that their blow-down air supply
was replaced by a continuously operating high-pressure fan.
Flow from the fan was split into two streams, which then
passed through a dual concentric plenum chamber fitted with
honeycombs and streams. Swirl was imparted to the inner
stream by means of 20 equally spaced stator blades in the
plenum chamber having an NACA 0024 cross section. The
swirl generator was designed to provide a nominally constant
swirl angle of approximately 35 deg, corresponding to a swirl
number of 0.52 at the nozzle exit. The swirl number was
evaluated from an expression that represents the ratio of the
axial flux of swirl momentum to axial momentum for the
inner stream, namely,

R

R;i p—
S= L (PUW + p uw)r? dr/ RL [pU? + pu? + (P—Py))r dr
¢))

The inner stream was bounded by a polished aluminum center-
body, 101.6 mm in diameter, that extended both upstream and
downstream of the nozzle exit, as shown in Fig. 3. The inner
and outer streams were separated by a thin aluminum tube
having an inside diameter of 152.4 mm and a lip thickness of
1.2 mm at the nozzle exit. The outer stream was bounded by
a converging section with an exit diameter of 199 mm. For

these dimensions, the inner and outer lips of the nozzle were

located at r/R = 1.5 and 2.0, respectively, as shown in Fig. 3.
The two streams exited from the nozzle at room temperature
(17 C), and the two flow rates were adjusted to yield an
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outer-to-inner mass flow rate ratio of unity (s1,/r1; =1). For
all of the results reported in this paper, the axial bulk velocity
of the inner stream, U,;, was 11.7 mps at the first station
where data were taken (x/D =0, which is 6 mm downstream
of the nozzle exit, as shown in Fig. 3). The corresponding unit
Reynolds number Re’ was 7.8 X 105 m~—1.

Pressure probe data were taken using a 1.5 mm (0.062 in.)
OD pitot-static tube, a 0.7 mm (0.028 in.) OD total pressure
probe, and a 0.6 mm (0.024 in.) OD Conrad (yaw angle) probe
with an apex angle of 75 deg. The static pressure on the
centerbody surface was measured by means of 0.5 mm (0.020
in.) diameter wall taps connected to a Type J, 48-port Scani-
valve. Differential pressures were read on a Datametrics Type
1400 electronic manometer connected to a Datametrics Type
590D-10W-2P8-V1X-4D Barocel pressure transducer. Initial
data were taken at six axial stations (x/D =0, 0.5, 1.5, 3.0,
4.5, and 6.0) with the Conrad probe by operating it in the
nulling mode in order to determine the radial variation of the
swirl (yaw) angle 3, defined as tan~!(W/U). Subsequent data
were taken with the pitot-static and total pressure probes
nominally aligned in the yaw plane at each measuring point in
order to evaluate the local static pressure and the magnitude of
the resultant mean velocity component in this plane. This
procedure presumes that the radial velocity component V is
small in comparison to U and W, a condition later verified by
the hot-wire measurements. Pressure probe data taken near
the nozzle exit (at x/D =0) indicated that the skewed
boundary layer on the centerbody surface was fully turbulent
and in agreement with the law-of-the-wall at this location.

Hot-wire data were taken at the six axial stations by means
of forward facing probes nominally aligned with the mean
flow direction in the yaw plane, as determined from the Con-
rad probe measurements. The sensing element of each probe
was 4u (0.00015 in.) diam platinum-plated tungsten wire with
a centered active length of 1 mm (0.040 in.) between probe
fingers approximately 4 mm (0.16 in.) apart. The hot-wire
measurements were made by applying the single-wire probe
rotation technique developed by Al-Beirutty and Gessner.!?
This technique is based on the sequential use of normal and
slant-wire probes, and is second-order accurate relative to the
fluctuations, a feature that enhances measurement accuracy in
moderate intensity flows. The hot-wire probes were energized
by a TSI Model 1010 constant temperature anemometer con-
nected to a DISA Type 55M25 linearizer. The mean linearized
output voltage was read on a DISA Type 55D31 digital volt-
meter. The mean square of the fluctuating linearized output
voltage was read on a second DISA Type 55D31 digital voit-
meter connected to a TSI Model 1060 rms voltmeter. Hot-wire
calibration, measurement, and data reduction procedures for
the present series of experiments are described in more detail
by Frey and Gessner.!! That reference also includes details of
the probe configurations and uncertainty estimates for the
basic variables, as calculated from the linearized uncertainty
model described by Al-Beirutty.!* All of the experimental
results discussed in the next section are based on hot-wire
measurements, with the exception of the swirl angle, which is
based on data obtained with the Conrad probe.

Results and Discussion

Basic Flow Behavior

The variation of swirl angle (3=tan~!W/U) with axial posi-
tion over the interval 0=<x/D <6.0 is shown in Fig. 4a for the
inner mixing region (0=r/R <1.5). This figure shows that the
local flow angle decreases continuously along traverses paral-
lel to the centerbody at and near r/R = 1.5, with no evidence
of vortex-induced periodicity in the flow. In the relatively low
momentum fluid adjacent to the centerbody surface, however,
distinct oscillations appear that are especially evident along
the first traverse (/R = 1.003). The period of the initial oscil-
lation on this traverse (1.27D;) is comparable to vortex shed-
ding periods observed in a turbulent jet® (1.25D;) and in the
inner mixing region of coaxial jets (1.20D;) for similar operat-
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Fig. 5 Streamwise mean velocity profiles.

ing conditions. In the downstream region (x/D =4.0), Fig. 4b
shows that these oscillations no longer appear in the immedi-
ate vicinity of the centerbody surface, which implies that the
coherent vortex structure has diminished in strength or even
disappeared as a result of vortex breakup in the centerbody
boundary layer.

The behavior of the streamwise mean velocity U (defined as
the vector sum of U and W) as the flow develops between
x/D =0 and 6.0 is shown in Fig. 5. Corresponding velocity
component (U and W) profiles are presented in the related
paper by Frey and Gessner.!! In reference to the profiles
shown in Fig. 5, it is difficult to see any outward manifesta-
tions of vortex-induced effects. The inner and outer streams
merge, decay, and spread in accordance with anticipated be-
havior, with no anomalies present in the distributions. This
is not the case for the local streamwise intensity, however,
where, in reference to Fig. 6, it can be seen that turbulence
levels near the centerbody surface increase, rather than decay,
in the downstream direction. This behavior is not directly
attributable to the spreading shear layer, because peak inten-
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sity levels in the inner layer near the nozzle lip (at /R =1.5)
are less than downstream levels near the centerbody surface.
Instead, a more likely source for elevated intensity levels near
the centerbody surface is vortex breakup into chaotic motion
as the inner shear layer interacts with the centerbody boundary
layer. This point of view is compatible with the changes that
occur in the flow angle distributions shown in Fig. 4b.

Reynolds shear stress profiles measured at the six axial
stations are presented in Fig. 7. In this figure, uv and vw
profiles (the solid-line distributions) are shown relative to
mean strain rates acting in the same plane, dU/dr and ra(W/
r)/ar, respectively (the dashed-line distributions). In reference
to the outer region of the flow, uv and Vw are opposite in sign
to aU/0r and rd(W/r)/or, respectively, at all six stations,
which is in accord with anticipated behavior. At x/D =4.5 and
6.0, shear stress levels are relatively high in comparison to
mean strain rates, however, which implies that shear stress
levels in the outer region are sustained primarily through
vortex-induced effects, rather than directly by mean strain
rates in the flow. This reasoning is based on the extended
vortex model described earlier, which provides a mechanism
for augmenting both uv and vw stress levels in the flow when
swirl is present (refer to Fig. 2). In reference to the results
show in Fig. 7a, it can be seen that the change in sign of uv at
the first two stations (x/D =0 and 0.5) correlates well with the
change in sign of dU/ dr across the width of the shear layer. At
x/D =3.0, however, it can be seen that uv changes sign in a
region where dU/dr remains positive, which indicates that
strong departures from local equilibrium have occurred. This
observation is supported by the results shown in Fig. 7b,
specifically in the vicinity of the centerbody surface, where vw
remains near zero in a region where r a(W/r)/dr is strongly
positive.

The complexity of the flow can also be illustrated by exam-
ining the behavior of stress/mean strain rate angles in the
flow. If the resultant turbulent shear stress is aligned with the
mean strain rate, then the orientation angle of the resultant
shear stress, namely tan~! (— Yw/ —uv ), should be coinci-
dent with the orientation angle of the mean strain rate, i.e.,
tan = '[ra(W/r)/3r)/(38U/ dr). Figure 8 shows the variation of
these angles along radial traverses at two axial stations (x/
D = 1.5 and 3.0). In the outer region of the flow (/R = 1.8),
shear stress and strain rate angles are close to each other,
which implies that the resultant shear stress is nominalily

aligned with the mean strain rate in this region. Figure 8 shows-

that the strain rate angle approaches the local flow angle on
the centerbody surface at both x/D = 1.5 and 3.0. Similar
behavior has been observed in other types of three-dimen-
sional skewed boundary-layer flows."”'® Figure 8 also indicates
that stress angles tend to lag behind strain rate angle in ap-
proaching the flow angle on the centerbody surface. This
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- Fig. 6 Streamwise turbulence intensity profiles.
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behavior exists in a region where vortex-induced oscillations in
the flow are particularly severe (refer to Fig. 4). In the midre-
gion of the flow (1.2 < r/R = 1.6), the phase difference be-
tween stress and strain rate angles is approximately 30 deg at
x/D = 1.5 (Fig. 8a), and increases to more than 90 deg at
x/D = 3.0 (Fig. 8b). These large variations are the direct result
of having uv change sign at a radial position where vw remains
positive, and of having the mean strain rate components U/
dr and rd(W/r)/dr change sign at different radial locations
(compare Figs. 7a and 7b).

Turbulence kinetic energy profiles measured at the six axial
stations are shown in Fig. 9. At the first station (x/D = 0), the
turbulence kinetic energy profile is in accord with anticipated
behavior; i.e., k first decreases with increasing distance from
the centerbody surface, peaks near /R = 1.5 where the inner
and outer streams exiting from the nozzle initially merge, and
then decays to zero in the outer stream where the mean shear
is relatively low. As the flow progresses downstream, k in-
creases, both in the vicinity of the centerbody and in the outer
mixing region. At x/D = 6.0, for example, turbulence kinetic
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Fig. 7 Turbulent shear stress and mean strain rate component
profiles.
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Some insight into this behavior can be gleaned by examining 0 a:uucmﬂﬂm =
turbulence kinetic energy production rates in the flow. In
general, the turbulence kinetic energy production rate in cylin- L i
drical coordinates for axisymmetric flows can expressed as!”:
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0. ar r or dax
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If the boundary-layer approximations appropriate for the
present flow situation are applied, then Eq. (2) reduces to L L .
1.0 1.5 2.0 2.5 3.0

P=—E§L7’—Wr3<v—tj> A3)

Figure 10 shows production raté profiles evaluated from Eq.
(3) at three stations (x/D =0, 3.0, and 6.0). At x/D =0, al-
most all of the turbulence kinetic energy production across the
entire shear layer is due to —uv dU/dr. The changes in produc-
tion rate that occur across the shear layer at x/D =0 are
compatible with the radial variations in k£ that occur at this
location (refer to Fig. 9). At x/D =3.0, Fig. 10 shows that
although —wuv U/ dr continues to be the primary contributor
to production in the inner and outer regions, —vw rd(W/r)/or
makes a significant contribution to the production rate in the
midregion of the shear layer (1.4<r/R <2.0). At x/D =6.0,

r/R

Fig. 10 Turbulence kinetic energy production rate distributions.

the results are qualitatively similar to those at x/D =3.0,
except that production rates are uniformly much smaller
across the entire width of the shear layer. These results are not
entirely compatible with the turbulence kinetic energy profiles
in Fig. 9. For example. Fig. 9 shows that k increases near the
centerbody surface between x/D =0 and 6.0, while Fig. 10
indicates that the turbulencé kinetic energy production rate in
this region steadily decreases. Figure 9 also shows that k levels
within the interval 1.5=<r/R <2.5 tend to stay relatively con-
stant between x/D =3.0 and 6.0, whereas Fig. 10 clearly
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shows that production rates within this interval have dimin-
ished significantly.

The apparently low-turbulence kinetic energy production
rates are not attributable to using Eq. (3), rather than Eq. (2),
to evaluate P, inasmuch as the omitted terms are all at least
an order of magnitude smaller than the terms that appear in
Eq. (3). The production rates shown in Fig. 10 are quantita-
tively correct, therefore, and elevated k levels exist in the flow
as a result of vortex-induced turbulence amplification, either
through coherent vortex motion or after vortex breakup. Both
mechanisms would tend to enhance turbulence kinetic energy
levels without simultaneously inducing an increase in the mean
shear. This conjecture is compatible with the results shown in
Figs. 5 and 9, which indicate that high-turbulence kinetic
energy levels are sustained in regions where the resultant mean
shear has diminished.

The behavior of the v and vw profiles shown in Fig. 7
relative to mean strain rates acting in the same plane implies
that the eddy viscosity is not a scalar quantity and is not
always positive throughout the flow. In order to quantify this
behavior, eddy viscosity components were evaluated from the
data by means of relationships that apply for swirling turbu-
lent flow after the boundary-layer approximations are ap-
plied, namely!518;

—uv
P =90/ or @
—Vw

Y= AWy or )
Distributions of »,, and »,5 across the width of the shear layer
at x/D =3.0, 4.5, and 6.0 are shown in Fig. 11. In reference to
Fig. 11a, it can be seen that »,, is negative in the inner region
(1.0<r/R <1.5), but then becomes positive in the outer region
(r/R =1.5). This behavior is directly attributable to the change
in sign of aU/dr that occurs near r/R = 1.5, while uv remains
positive in this region (refer to Fig. 7a). By contrast, v, re-
mains positive across the width of the shear layer, as shown in
Fig. 11b, because vw and rd(W/r)/dr are of the opposite sign
at each radial location. This overall behavior cannot be mod-
eled within the context of conventional algebraic Reynolds
stress models, as will now be demonstrated.

Turbulence Modeling Considerations
In reference to Eqgs. (4) and (5), the eddy viscosity ratio
v/ vy can be written as

ve  uv /(dU/0r) ®
vy vw/[rd(W/r)/dr] )
which, on the basis of the results shown in Fig. 11, will deviate
significantly from unity across the width of the shear layer.
This behavior can be compared with that prescribed by rela-
tionships derived from the Reynolds stress transport equations
after convection and diffusion effects are neglected and the
boundary-layer approximations for swirling turbulent flow
are applied. If these approximations are applied to the mod-
eled form of the Reynolds stress transport equations proposed
by Launder, et al.!® as referenced by Morse;!” then reduced
forms of the transport equations for uv and vw can be written
respectively as ’

0= ——c¢1£;1; —[(1—01)7—37 +1k]£' %)

2 or
e e fom sl + Y k| W
0 Cs1 kvw [(l a)vi—-Bw +2k] 3

+[(1—a)7—;3? +%k]%’ ®)
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Fig. 11 Eddy viscosity component distributions.

where the terms in each equation represent a balance between
production and redistribution effects. If Egs. (7) and (8) are
combined with Egs. (4) and (5), then the eddy viscosity ccm-
ponents can be expressed as

u;,=i’—‘[(1—a)75—3? +1k] ©)
Co1 € 2
and
, 1k = o= x| _aW/er
=T {[(1 TVImBwE Ay k] ra(W/r)/or
e W =gy + k|
[(1 ) wi=Bv +2k] ra(W/r)/arz (10)

where a = (8 + ¢42)/11, 3 = (8¢cy ~ 2)/11, and y = (60cy; — 4)
/55. Alternate expressions for v,, and vy, reéferred to in the
pressure-strain model proposed by Naot et al.2® can be devel-
oped from Egs. (9) and (10) by letting o = ¢4 and 8 =y =0,
which yields

., _U-cp) k=
b=ty an

, (1—c¢2)l~c[? IW/or  — aW/ar] )
-

BT el raow/nsar Y ra(w/n/a
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In reference to_Eqs. (11) and (12), it can be seen that vy, /
v/5=1.0 when v2=w?2, a condition that implies that the eddy
viscosity should behave as a scalar quantity in regions where
v2=w2. The condition v?=w? applies approximately when
r/R =1.2 for the present flow (refer to Fig. 12), but as Fig. 11
clearly indicates, »,, is generally not equal to », in this region.
To quantity this behavior, the eddy viscosity ratio v,, /v, was
evaluated from the results shown in Fig. 11. For purposes of
comparison, the ratios »,,/v,/y and v, /v/y were evaluated from
Egs. (9-12), with ¢, specified as 0.4 (corresponding to the
value suggested by LRR). The results are shown in Fig. 13.
From the figure it can be seen that ».,./v,4 changes sign near the
centerbody surface (from positive to negative), undergoes an-
other change in sign near r/R = 1.5, and then remains positive
and approaches unity in the outer region of the flow. This
behavior is not simulated by either »/,./v/ or v;,/v/, both of
which remain positive and approach unity more quickly than
v/ vrg. The situation does not improve when uw stress compo-
nent terms are included in Eqgs. (7) and (8) because inclusion of
these terms does not significantly alter the behavior of »,, /v
and vy, /v/; seen in Fig. 13. This same conclusion (no improve-
ment) applies even if the overall algebraic Reynolds stress
model is modified to include convection and diffusion effects,
e.g., by means of the model proposed by Rodi.?! Thus, alge-
braic modeling of the individual Reynolds stress components
is basically inadequate for the present flow situation. A similar
conclusion was reached by Franke et al.,?> who examined the
applicability of conventional eddy viscosity and algebraic
Reynolds stress models to flow about a circular cylinder with
vortex shedding.

Transport equation models of swirling turbulent flows
sometimes include a Richardson number correction in their
formulation, often in the form of an ad hoc modification to
the dissipation rate equation. It is generally acknowledged that
a gradient-type Richardson number performs well for predict-
ing flow over spinning surfaces, whereas a flux-type Richard-
son number is more appropriate for weakly swirling jet
flows. 7?2 For strongly swirling jet flows, Leschziner and
Rodi?® have shown that the standard form of the k-¢ model
performs better if no Richardson number correction is in-
cluded in the model, provided that realistic initial conditions
are specified for the computations. Further refinements in the
standard k-e model are still needed, however, if strongly
swirling jet flows are to be predicted with reasonable accu-
racy.? Recent work in this area has led to the development of
an improved pressure-strain model for swirling jet flows with
recirculation,?” and demonstrated the need for closure at the
full Reynolds stress transport equation level in order to predict
both 2vgveakly and strongly swirling jet flows with higher accu-
racy.

3.0 T L — T T T —T T
6.0
4.5 n
.
0.04 3.0 _J
— ]
»
] L] ]
o =
o
1.5 o - 7
=] o 0
ou o o
o | L]
om ] L] «
o= [
o ] » ) E
= o ] [
o o = o
o 0 [ u
] ] © ]
] ] om
0] [} u ou
= 5] ] far]
n as o =
[ ] o n a [ ] L

0 0 0
(1.5) (3.0) (45 (6.0
vz w2
Yo
TS

Fig. 12 Turbulent normal stress profiles.
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Inasmuch as the present flow is a moderately swirling flow,
examination of Richardson number behavior is of interest.
For this purpose, gradient-and flux-type Richardson numbers
were evaluated from the data utilizing expressions prescribed
by Rodi,?* namely,

o 2 yw (W/r)
Ry = e U ar) = 5w ra(w/r)/ar a3
2
Ri, - 2UW/r(r W)/ dr (1)

@U/3ry +[ra(W/ry/or)?

These Richardson numbers can be compared with the radial
rate of change of tangential angular momentum in the flow,

namely,
_1 W)
Troor

15)

If M is positive, then the presence of swirl will have a stabiliz-
ing (turbulence suppressing) effect on the flow, whereas a
negative value of M will have a destabilizing influence and
lead to turbulence amplification. If a particular Richardson
number is performing properly, then the sign of Ri should
correlate with the sign of M in order to model the stabilizing
or destabilizing influence of swirl on the flow.

Figure 14 shows distributions of M, Riy, and Ri,, as evalu-
ated along radial traverses at three axial stations (x/D =0.5,
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1.5, and 4.5). In reference to the results shown at x/D =0.5, it
can be seen that negative values of M exist near r/R =1.5,
which is just downstream of the nozzle lip that separates the
inner and outer streams. Swirl in this region has a destabilizing
influence on the flow, therefore, which diminishes in the
downstream direction, as indicated by the results shown at
x/D =1.5 and 4.5. Although the gradient Richardson number
simulates this behavior, the flux Richardson number does not,
because it remains positive across the width of the shear layer.
Figure 14 also shows that neither the gradient nor the flux
Richardson number simulates the stabilizing influence of swirl
near the centerbody surface, where M is positive and decays
with increasing radius, but Ri; and Ri, are both close to zero.
This behavior is directly attributable to vortex-induced effects
in the flow on the basis of the following considerations. Figure
7b shows that Vw is near zero in the immediate vicinity of the
centerbody surface, whereas the mean strain rate r d(W/r)/dr
in this region (indicated by the dashed-line distributions) is
definitely not zero. As noted earlier, this behavior represents a
departure from local equilibrium induced by coherent vortical
structures near the centerbody surface. In reference to Eq.
(13), near-zero values of vw in the vicinity of the centerbody
surface are responsible for Ri; being close to zero at r/
R =1.05, as shown in Fig. 14. In reference to Eq. (14) and Fig.
7, the relatively high mean strain rates at r/R = 1.05 account
for Ri; being close to zero at a point where M is strongly
positive. The need to model the behavior of M via a gradient-
or flux-type Richardson number may not be an issue, how-
ever, inasmuch as recent work has shown that full Reynolds
stress transport equation models applied to swirling turbulent
jet flows perform well without a Richardson number correc-
tion,%7+28
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Concluding Remarks

The turbulent mixing of two coannular streams with swirl
present in the inner stream has been investigated experimen-
tally. The inner stream was bounded by a centerbody, but the
outer stream was unconfined and exposed to the atmosphere.
The results show that the flow is dominated by the presence of
vortices that are shedding periodically from the lips of the
nozzle. These vortices provide a mechanism for amplifying
Reynolds stress levels in the flow without simultaneously in-
ducing an increase in mean strain rates. The presence of coher-
ent vortical structures causes the mean swirl angle to oscillate,
especially in the low-momentum region adjacent to the center-
body surface. Turbulent mixing is enhanced to the extent that
mean strain rates in the inner region are reduced as the flow
proceeds downstream, whereas turbulence intensity levels
simultaneously increase as a result of vortex passage or vortex
breakup when the inner shear layer interacts with the center
boundary layer.

The coherent vortical structures also cause large departures
from local equilibrium, so that significant phase differences
exist between resultant shear stress and mean strain rate angles
in the flow. This behavior is reflected in eddy viscosity compo-
nent values that differ significantly throughout the flow and,
at times, are negative. Analysis of the results shows that
turbulence kinetic energy levels increase in regions of the flow
where the turbulence Kinetic energy production rate is decreas-
ing. This behavior can be attributed to vortex-induced turbu-
lence amplification effects in the flow. The results also indi-
cate that conventionally defined gradient and flux-type
Richardson numbers do not simulate observed rates of change
of tangential angular momentum across the shear layer.

On the basis of these observations, it can be concluded that
neither conventional eddy viscosity modeling nor k-e type
modeling with an algebraic stress model is adequate for pre-
dicting the present flow situation. Closure at the full Reynolds
stress transport equation level also has its limitations because
of the difficulties associated with modeling time-dependent
(vortex shedding) phenomena by means of statistically based
turbulence models. Direct numerical simulation of the un-
steady form of the Navier-Stokes equation offers the most
promising alternative, but present methods are currently un-
able to resolve the small-scale motion in high Reynolds num-
ber flows. In spite of these modeling and simulation diffi-
culties, the data that have been obtained constitute an
interesting test case for comparison with numerical predic-
tions. Tabulated data are available for this purpose in a thesis
that forms the basis of the present paper.?®
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