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ABSTRACT

Curved two-streain mixing layers originating from
untripped and tripped initial boundary layers, with a ve-
locity ratio of 0.6 and Res of about 27,000 have been
investigated experimentally. Destabilizing curvature re-
tarded the decay of spatially stationary streamwise vor-
ticity naturally present in the untripped case, resulting
in a higher growth rate than exhibited in a compara-
ble straight mixing layer. On the other hand, stabiliz-
ing curvature accelerated the streamwise vorticity decay
and resulted in a lower growth rate. Spatially-stationary
streamwise vortical structures were mot evident in the
tripped cases. Therefore. due to reduced entrainment, the
tripped unstable mixing laver exhibited a lower growth
rate than that of the corresponding untripped case. How-
ever, the growth rate of the tripped unstable case was
still higher than the tripped straight case. while that of
the stable case was not affected by the change in ini-
tial conditions. The Reyuolds stresses in the unstable
mixing layer were elevated with respect to those in the
straight layer, and by approximately the same amount in
both tripped and untripped cases. On the other hand,
Reynolds stresses in the stable case were comparable to.
or slightly lower thawn. those for the straight case for both
initial conditions. There 15 some evidence that the mixing
layer turbulence structure in all cases continues to change
beyond the measurement domain (Re, > 10°%).

INTRODUCTION

It is now well establishied that a mixing layer develop-
g from laminar initial bonndary layers develops a com-
plex three-dimensional structure in the form of stream-
wise vorticity (see Bell & Mehita 1992, for a review). Bell
& Mehta investigated. quantitatively. the role of these
streamnwise structures in o mixing layer at high Reyuolds
numbers (Res ~ 2.5 x 10"). They found that small span-
wise disturbances in the flow were initially amplified just
downstream of the first spanwise roll-up (in the braid re-
gion). leading to the formation of streamwise vortices.
The vortices first appeared in clusters containing stream-
wise vorticity of botl signs. hut further downstrean. they
re-organized to form counter-rotating pairs. The vortex
structure was then found to grow in size. scaling approx-
mmately with the mixing layer vorticity thickness. and to
weaken. the maximum mean streamwise vorticity diffus-
ing as approximately 1/X"7 The mixing layer appeared
to be nominally two-dimensional in the far-field, “self-
similar” region.

It is also well-known that an inviseid instability oc-
curs in any enrved flow where the angular momentum
decreases away from the center of curvature (Bradshaw
1973). A mixing layver with curvature i the streamwise
divection is subjeet tooa destabilizing offect if the low
speed stream is on the ontside of the curve (at larger
rading of cnrvature) and a stabilizing effect f it s on

the inside of the curve. The subject of streamwise cur-
vature effects on mixing layer structure has received lim-
ited attention (see Plesniak & Johnston 1989, for a ve-
view). Plesniak & Johnston's results suggested that the
Taylor-Gortler instability mechanism, present in the un-
stable case, acts to strengthen the streamwise vortical
structures, Dramatic increases in the primary Reynolds
shear stress and enhanced transport of turbulence were
documented in the mstable case. Thus, the streamwise
structures ave helieved to play an integral role in the gen-
eration and evolution of turbulence in two-stream mixing
layers. In a recent study, Plesniak et ol. (1991) found that
although well-organized streamwise vorticity was gener-
ated in both the stable and unstable cases. the rate of
decay for the unstable case was slower. As a consequence
of that. the nustable layer exhibited noticeable spanwise
variations in the mean velocity and Revuolds stresses.
Both cases achieved linear growth, but the rate of growth
for the unstable case was higher. The far-field spanwise-
averaged peak Revnolds stresses were significantly higher
for the destabilized case compared to the stabilized case,
which exhibited levels comparable to those of a straight
case.

The main objective of the present study was to es-
tablish the effects of changes in initial conditions (laminar
or turbulent state of the houndary layers) onr the three-
dimensional structure of curved two-stream mixing layers.
These effects were investigated through measurements of
the mean and turbulence properties on large cross-plane
grids at several streamwise locations.

EXPERIMENTAL PROCEDURE

The experinments were conducted i a Mizing Layer
Wind Tunnel consisting of two separate independently
driven legs. Two alr streams merge at the sharp trail-
ing edge of a slowly tapering splitter plate. The curved
test section (Fig. 1) has a fixed vadius of 305 cm. giving
o/ R of less than 5%, and measures 36 cm in the cross-
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Fig. 1. Curved Test Section Schematic.
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Fig. 2. Spanwise Variation of Streamwise Velocity. (a) Untripped Unstable,
(b) Untripped Stable, (c) Tripped Unstable, (d) Tripped Stable .

streaw (17) direction, 91 em in the spanwise (Z ) direction
and 366 cm in length (X. measured along the centerline
arc). One side-wall is adjustable, and it was set to give a
nominally zero streamwise pressure gradient.

The two sides of the wind tunnel were run at free-
stream velocities of 9 and 15 m/s. thus giving a mixing
layer with initial veloeity ratio. Us /U = 0.6. Note that
in these curved wixing layers. the local “velocity ratio” is
given by the moment of momentum ratio. (RU )2 /(RU),.
and varies slightly from case to case. The high-and low-
speed sides were interchanged to produce the stabilizing
il destabilizing cases. To generate the turbulent mitin
houndary layers. 1.5 num diameter rods (trips) were glued
across the span of the splitter plate. 15 cm upstream of
the trailing edge.

Measurements were made using a cross-wire probe
monnted on a 3D traverse and linked to a fully auto-
mated data acquisition aud reduetion system controlled
by a MicroVax II computer. Individual statistics were
averaged over 5.000 samples obtained at a rate of 1.500
satuples per second. Data were obtained in cross-sectionnl
{1'-Z) planes with the probe oriented in the ue - and -
planes. at eleven streamwise loeations,

RESULTS AND DISCUSSION

The spanwise variation of the streamwise component
of mean velocity (7)) is plorted in Figs. 2a-b for the un-
rripped curved wixing lavers. The distance hetween fick
marks on the vertical seale is equivalent to a variation
of 25%. The “wiggles™ in the streamwise veloeity are due
to the presence of spatinlly-stationary streamwise vortices
(Bell & Melita 1992). In the unstable mixing layer. the
spanwise variation appears only quasi-periodic at first.
but by X = 76 cnw a more regular and periodic variation
is exhibited, The spanwise variation in U (peak-to-peal)
is 13% at the first station, inereasing to abont 15% at Y
= 33-H e after which it decreases. but still exhibits
a variation of about 5% at the last two stations. At the
Arst station (X = 1T em). the stable mixing layer exhibits
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somewhat lower (~ 8% ) spanwise variation in U compared
to the unstable mixing layer. However. the wiggle magni-
tude decreases alimost monotonically further downstrean.,
giving a smaller variation in I7. All of the stations down.
stream of X' = 125 e exhibit nearly constant distribu-
tions of U7 across the stable mixing layer span. In hoth
untripped cases. the spanwise wavelength of the wiggles
increases with inereasing streamwise distance, althougl.
at a given station. the wavelength is higher for the stable
case 1mplying that the streamwise vortical structures for
this case are larger. The increasing wavelength is con-
sistent with the notion that the spacing hetween pairs of
counter-rotating streamwise vortices scales approximately
with the mixing layer thickness (Bernal & Roshko 1986;
Bell & Mehta 1992). The spanwise variation of {7 for
botl tripped cases is presented in Figs. 2c-d. It is clearly
evident that the variation for hotl cases. at all strean,.
wise locations. is wminimal. This implies that spatially-
stattonary vorticity is not produced for the tripped cases.
aud furthermore that. the imposition of curvature does
uot chauge the mixing laver structure. at least in terns of
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Fig. 3. Streamwise Development of Mixing Layer
Thickness.
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producing Taylor-Gértler type streamwise vorticity. Al-
thongh this is true for the present study of mild curvature.
it does not necessarily mean that large-scale roll cells will
not be generated for stronger curvature.

Figure 3 shows the streamwise development of the
mixing layer thickness (determined by an error function
fit to the U data) for the stable, unstable and straight
cases with untripped and tripped initial conditions. In
all the streamwise development plots, the quantities are
averaged across the measurement span. All the mixing
layers exhibit linear growth downstream of X = 76 cm. A
linear least-squares fit to the data downstream of X — 76
cm yields a growth rate, dé/dr of 0,020 for the untripped
stable layer. 0.023 for the untripped straight layer and
0.025 for the nnfripped unstable layer. Thus, the stable
layer growth rate 1s 13% lower than the strai%‘ht layer
value. while the unstable layer grows at a rate 9%, higher
than the straight layer. and 25% higher than the stable
mixing layer. Note that the stable untripped mixing layer
1s initially thickest. However. at all locations downstream
of X = 44 e, the unstable layer becomes significantly
thicker than both the stable and straight layers. The
growth rates of & for the tripped mixing layers are 0.020
for the stable case. 0.019 for the straight case, and 0.023
for the unstable case. Hence, the tripped unstable and
straight layers. which do not possess organized streamwise
vorticity to provide additional entrainment. do not grow
as rapidly as their intripped counterparts. However, the
curvature effects cause the unstable tripped mixing layer
fo grow at a rate about 15% greater than that of the
stable tripped mixing laver.

The streamwise evolution of the peak Reynolds nor-
mal stress components is shown in Fig. 4 in terms of twice
the turbulent kinetic energy (¢ = /2 + /2 + w'?). All
the stresses presented Lere are normalized by the veloe-
ity difference across the layer. Uy, Not surprisingly. the
trends for the two different initial conditions are very dif-
ferent. with the untripped cases showing the character-
istic overshoot in the very near-field which is associated
with transition in the mixing layer. Downstream of ap-
proximately 100 em. the tripped and untripped data pairs
agree well, for botl. the straight and curved eases. The
stable and straight cases asymptote to approximately the
same value of approximately 0.70. In contrast. the tarbu-
lent Linetic energy levels in the unstable cases, which con-
sistently lic above the straight and stable curves. continue
to grow monotonically with downstream distance. At the
most downstrean stations. where the streamwise vorticity
is quite weak (even in the unstable cases). the continued
evolution of the twhbulent kinetic energy is due to the
destabilizing curvature. and indicates that an asymptotic
“self-similar” state is not established.

Figure 5 illustrates the streamwise evolution of the
maxiunn prinny Revuolds shear stress (W). At the
first station. the maxinnun shear stress levels for hoth
untripped eurved eases are higher than those for the
straight case. Furthermore, the peak stress lovels it
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Fig. 5. Streamwise Development of Maximum
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curved cases decrease monotonically with streamwise dis-
tance until an apparent asymptote is reached, whereas
the straight case has a distinet maximum at X ~ 40 cu..
Beyond the first station, the shear stress levels for the
(tripped and untripped) unstable cases arc consistently
higher than those for the stable cases. Again, not much
effect of tripping is apparent downstream of X ~ 50 cm.
Also, a definite trend is exhibited in the primary shear
stress plots beyond X = 150 em. In the unstable case.
these levels increase monotonically, and decrease i the
stable case. especially for the tripped case. Again. this iy
an effect due to curvature, and not due to the strennwise
vorticity, present only weakly at this downstream location
i the untripped cases. and not at all in the tripped cases,

The effects of ciurvature and initial conditions are
clearly apparent velatively early in the mixing layer devel-
opment. This is true for both the mean How. in terms of
the streamwise vorticity. and also for the Reyuolds stress
distributions. In order to further investigate the curved
mixing layer structure, veloeity spectra for all three com-
poneuts were measured at several locations. The stream-
wise velocity (u) component spectra, measurcd on the
wixing layer centerline and at X = 11 e, for all four
curved cases are presented in Fig. 6a. Only the un-
tripped wnstable case exhibits the characteristic funda-
wental peak associated with the Kelvin-Helmbholtz vor-
tex roll-up (at f ~ 600 Hz) and some higher harmon-
ics. Similar trends are exhibited in the o and - veloe
ity spectra. which are not presented here for brevity, A
more hroad band distribution is observed in the stable un-
tripped case. quite similar to the spectral distributions for
the two tripped cases. which are almost identical, Thus.
for the tripped cases, there does not seem to he mueh of-
fect of the curvature (stabilizing versus destabilizing) on
the spectral content of the mixing layer. ar least in the
very near-field. However. the untripped cases are affecteod
significantly. even at this early stage of their developnient.
Note that the differences are not due to changes in ini-
tinl conditions cansed by interchanging the Ligh- and low-
sped sides — the spectra for the two straight cases (with
mitial conditions corresponding to the stable and unsta-
ble cases) both exhibited the fundamental and higher-
order peaks (Plesniak et ol 1992). The muplication of
the spectral vesults is that the stable case generates more
small scales in the near-field. wmaking it comparable to the
tripped cases where the smaller scales ave injected from
the turbulent howndary lavers. This is despite the fact
that the streamwise vortieal structures in the stable case
are amatially of a larger scale than those in the unstable
Case,

In the far-field region (X = 221 em). the spectra for
the four curved cases appear to have the same overall
shapes (Fig. 6h). However. a closer examination reveals
that in the region, f > 100 Hz. the stable aud unstable
pairs collapse very well and that the unstable cases have
wore energy. inplying that they have developed more fine
scales, in contrast to the near-field hehavior. It 15 clear
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Fig. 6. Spectral Measurements on Mixing Layer Centerline. (a) X = 11 cm,

(b) X = 221 ecm

that the turbulence structure for the two curved cases is
quite ifferent in the far-field region. both in terms of the
Reynolds stress levels and spectral content, and that the
differences are independent of initial conditions.

CONCLUSIONS

The effects of the state of the initial houndary layers
on the development of curved two-stream wixing lavers
were nvestigated. Destabilizing curvature retarded the
decay of the secondary streamwise vorticity (uaturally
occurring in mixing layers originating from lainar ini-
tial conditions), resulting in a higher growth rate than
exhibited by a straight mixing layer. Stabilizing cur-
vature accelerated the decay of the naturally-oceurring
streamwise vorticity, and resulted in a lower growth rate
than a straight mixing layer. The growth rate of the
unstable mixing layer was about 9% higher than that
of the straight layer, while that of the stable layer was
about 13% lower. In the curved mixing layers originat-
ing from turbulent initial boundary layers. spatially sta-
tionary streamwise vortical structures were not evident.
Therefore the tripped uustable mixing laver exhibited a
lower growth rate than that in the corresponding -
tripped case. However, the tripped unstable case growth
rate was still about 15% higher thau the corresponding
straight case while that of the stable case was nor af-
fected by the change in inifial conditions. Both stable
case growth rates were comparable to that of the straight
tripped layer.

The Reynolds stresses i the unstable mixing layer
were elevated with vespect to those in the straight layver.
and by about the same amount for bhoth initial conditions.
For the stable ease, the Reynolds stress levels were com-
parable to. or slightly lower than, those for the steaight
nuxing layers. There is some evidence that the stress
levels continue to change towards the end of the measnre-
ment domain. especially for the unstable cases. The spee-
tral data show that, in the near-field. only the untripped
cases arve affected by cwrvature, presumably through of-
fects on the streamwise vortical structure behavior. In the
far-ficld, the spectral data show that the effects of nirial
condlitions arve minimal, but that the fobulence strueture
of the nustable eases contains more fine seales,

The primary effects of nustable enrvature are to in-
crease the laver growth rate. Revnolds stress levels and
spectral energy content at the higher frequencies. For the
nutripped cases. the secondary effect of curvarire on the
streamwise vorticlty decay rate also playvs o vole. at least
m the near-field region. In the far-field region. where the
vorticity has decayed. the behavior is esseutially iudepen-
dent of the initial conditions. Therefore. the implication
is that the observed differences hetween the two enrved
cases in the far-field region are due to the diveet effeers of
curvature, vather than throngh the secondary effeers on
thie hehavior of the streamwise vortical struetures. Sinee
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the curvature is applied continuously, the cnrved mixing
layers should not be expected to reach an equilibrimn
state, and that certainly appears to he the case in the
present study.
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