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ABSTRACT

When parallel streams flowing at different speeds merge,
they form planar turbulent mixing layers (2D). In the usual
laboratory model, the mean flow is approximately parallel ev-
erywhere, and varies mainly in the directions of the velocity
difference and of the flow convection. However, real flows
are three-dimensional (3D)-the incoming flows are not par-
allel and have not only different speeds but also different di-
rections, thereby giving rise to 3D turbulent shear layers, i.e.,
skewed mixing layers. The detailed quantitative study of 3D
shear layers is missing. 3D turbulent boundary layers are rel-
atively well understood and have been observed to have lower
maximum primary Reynolds stresses, compared to their 2D
counterparts. To find out if similar effects prevail in skewed
mixing layers, we experimentally investigated the mean flow
and other flow statistics in a wind tunnel. We generated 3D
shear layers by skewing the mean flow with turning vanes near
the trailing edge of a splitter plate, and used x-wires to probe
the flow at different cross-, span- and downstream positions.
Results show that both skewed and planar mixing layers have
similar mean velocity profiles, and they both spread approx-
imately linearly with downstream distance. However, the 3D
mixing layer thickness is larger in near-downstream region and
smaller far-downstream when compared to the 2D case, sug-
gesting reduced mixing as in 3D boundary layers.

INTRODUCTION

Free shear layers are almost always turbulent and three-
dimensional, and are found in a wide variety of engineering
applications like flow over the finite span wings, bow and
stern regions of ships, and in the annulus of turbomachinery,
to name a few. Three-dimensional effects occur because of
the merging of non-parallel freestreams, which results in a net
spanwise velocity component at the interface, thereby giving
rise to skewed mixing layers. These flows are, however, com-
plicated and are difficult to interpret. So, most of the studies
are focused on two-dimensional turbulent mixing layers result-
ing from different-speed coplanar flows (Liepmann & Laufer
(1947); Brown & Roshko (1974); Winant & Browand (1974)).

The three-dimensional effects are well understood in tur-
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bulent boundary layers, wherein the primary Reynold stress
has been observed to decrease, compared to the 2D case (John-
ston & Flack (1996)). However, only a handful of research has
been done on skewed mixing layers (Hackett & Cox (1970);
Fric (1996); Lu & Lele (1999); Fiedler et al. (1998); Azim
& Islam (2003)). These studies have shed some light on the
flow statistics and structure and shown that 3D effects result
in a change in maximum shear stresses compared to 2D case,
enhancement in mixing with skewing and strong velocity gra-
dients, 3D effects limited mostly in the early transient, and
streamwise vortex breakdown.

However, there is still no consensus in the observations
on skewed mixing layers. For instance, Hackett & Cox (1970)
showed that the maximum primary Reynolds stress is higher
in 3D- than in 2D cases. However, Azim & Islam (2003) ob-
served otherwise. Motivated by inconsistencies like this, we
aim to investigate the three-dimensional effects in shear layers.
To achieve this objective, we first generated different-speed
freestreams in a wind tunnel using a mesh fitted on a passive
grid, then separated these streams using a splitter plate and fi-
nally skewed them using turning vanes near the trailing edge
of the plate. We probed the evolution of the flow downstream
using x-wires. In this paper, we focus on the effect of imposed
turning on the evolution of the mixing layers. In particular, we
discuss how far the flow remains twisted in down- and cross-
stream directions, in addition to the mean flow properties for
planar and skewed cases.

METHODLOGY

We carried out the experiments in Warhaft Turbulence
Wind Tunnel at Cornell University (Yoon & Warhaft (1990)).
This wind tunnel has a 0.91m by 0.91m cross-section and 9.1m
long test section, and can reach up to 20 m/s (see Fig. 1 (a-c)).
We generated turbulence using a 3.25” x 3.25” passive grid
at the inlet of the test section, and to create parallel streams
of different speeds, we covered the upper half of the grid with
stainless steel wire cloth of 0.0055” opening size, thereby, giv-
ing rise to high-speed flow in the bottom half of the wind tun-
nel and low-speed in its top half (see Fig. 1d). The high- and
the low-speed flow were separated with a 0.5” thick acrylic
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Splitter plate

Figure 1. Experimental setup for skewed mixing layer. (a) Isometric view, (b) side view, and (c) cross-section of the Warhaft Turbu-

lence Wind Tunnel. (d) Mesh grid used to generate different speed flows. (e) Turning vanes arrangement on the splitter plate. Flow
straightener in the background. The inset shows a CAD model of a turning vane.

splitter plate (36”x48”) supported by bolts fixed to the side
walls of the wind tunnel. Due to the velocity difference be-
tween the upper and the lower layers, the flows past the grid
have a tendency to get deflected from the low-speed side to the
high-speed side before reaching the splitter plate. To take care
of this, we placed a flow straightener between the grid and the
splitter plate.

To obtain skewed layers, we used turning vanes (NACA
0012, chord, ¢ =2 and height, 2 =4.7") on the top and the bot-
tom of the splitter plates (see Fig. 1 (b, e)). The vane height
was so chosen that it would be larger than the boundary layer
thickness on either side of the plate. These turning vanes were
fixed to the splitter plate using threaded rods, and can be man-
ually set at any desired angles with an error of +0.2°. To rule
out the possibility of the vibration of the vanes at higher speed,
cross-stream extremes of the vanes were covered with end-
plates made of acrylic sheet. The thickness of the end plates
was 0.5 mm, and these plates were wide enough (1¢) to cover
the vanes chordwise and long enough to cover them spanwise,
as shown in Fig. 1(e). These end-plates were tightly fixed
to the vanes using the same rods used to fix the vanes to the
splitter plate. For the present experiments, we used 32 vanes
in total (16 on each side of the plate). When these vanes are
set to 0°, they represent the case of planar mixing layers. The
spacing between the vanes was 1c¢, and their trailing edge was
approximately 2c¢ upstream of the trailing edge of the splitter
plate.

We probed the flow field using an x-wire anemometer
mounted on a 3-axis stepper motor-controlled traverse system,
which has a 0.001” resolution in wall-normal and spanwise
directions. However, in axial direction, while the traverse is
still motor-controlled, it lacks digital reading, and its distance

has to be physically measured for each downstream location,
thereby introducing an error of £ 0.5 cm in the x-direction.

For the present experiment, we fixed the freestream ve-
locities and studied the effect of three-dimensionality by vary-
ing the geometrical angles of the turning vanes. In particular,
we set the high- and the low-speed flows at 10.5 m/s (Uy,) and
4 m/s (Up), respectively, i.e., U;/U, = 0.38 (AU = 6.5 m/s),
and studied their evolution for two different angles of turning
vanes (6, = —6;): (a) 0°, and (b) 10°. Case (a) corresponds
to the planar mixing layers, while case (b) is skewed mixing
layers with the effective angle of 20° between layers. Here,
angle is considered positive in counterclockwise (CCW) sense
when viewed planform in the downstream direction, and x,y,
and z are stream-, cross-stream-, and spanwise directions in
lab frame, respectively. (x,y,z) = (0,0,0) is the trailing edge
on the top surface of the splitter plate in the longitudinal sym-
metrical plane.

We measured the flow using x-wire probes at 15 down-
stream distances (from x/h = 0.02 to 6, h is wind tunnel
height), and at 18 cross-stream stations (-0.3 < y/h <0.3)
for each downstream distance on the longitudinal symmetrical
plane. The x-wires were 5 pim in diameter, about 1mm long
(active sensing part) and 1 mm apart, and they were calibrated
in the potential core of a jet. We also took measurements at
z/h =+ 0.15 off the symmetrical plane and found the flow to
be homogeneous in the spanwise direction (not reported here).

RESULTS AND DISCUSSION

Figure 2 shows the flow angle profile at different down-
stream distances from the trailing edge of the splitter plate.
Very close to the trailing edge of the splitter plate, the flow
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Figure 2. Flow angle, 6 profile of skewed mixing layers rel-
ative to planar ones at various downstream distances on the
longitudinal symmetrical plane. 6y = tan~! (W /U). The vanes
were rotated by 4+10° on the high-speed side and by —10° on
the low-speed side, and accordingly, the flow also gets twisted
by approximately the same amount as that of the vanes.Note
that x- and y distances are non-dimensionlized by the wind
tunnel height, A.

turns by approximately as much as the vanes are rotated on
both high- and low-speed sides. The flow twisting, however,
slowly decreases as it moves downstream, and finally, becomes
more like an untwisted one at the furthest measurement lo-
cation, x’/h = 6. In the cross-stream direction, the flow gets
twisted mostly within the vane height and then starts aligning
with freestream, strongly indicating that the vane height dic-
tates the cross-stream distance over which the flow remains
twisted.

Mean streamwise velocity profile of the planar and
skewed mixing layers at different downstream distances is
shown in Fig. 3. In line with the standard convention found
in the literature on planar mixing layers, the velocity is shown
in a moving reference frame and is normalized by the veloc-
ity difference between the high- and the low-speed freestreams
(Us = Up, —Uy). Similarly, the cross-stream coordinate is trans-
formed into a similarity parameter, 7 = (¥ — yavg(x))/6(x).
Here, Yavg (X) = (¥0.9 +Y0.1)/2,8(x) = 0.1 — 0.9, and yo.1 and
¥o.9 correspond to cross-stream coordinate where scaled ve-
locity U* reaches 0.1 and 0.9, respectively. U* is given by
U; + aUs, o being 0.1 and 0.9 for yg 1 and yg 9, respectively.

Irrespective of the vane angles, the flow on either side ap-
proaches the freestream velocities within 7 = £1 and the ve-
locity profiles collapse for x/h > 1.6 for both types of mixing
layers. The collapse is well approximated by an error function,
as shown in Fig. 3, and is consistent with a self-similar form
(Pope (2001)). Far from the plate in cross-stream direction,
the mean speed far downstream (x/h > 3.3) is, however, found
to decrease by as much as 25% of U; on the high-speed side
for skewed mixing layers, and by ~10% for planar mixing lay-
ers while it remains approximately constant on the low-speed
side.

We also observe a sharp decrease in velocity at vane
height for both types of mixing layers up to x/h < 1. For pla-
nar mixing layers, the velocity drops by as much as 25% of Us
on the high-speed side while only by less than 5 % on the low-
speed side. This decrease is slightly more for skewed mixing
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Figure 3. Mean streamwise velocity profile in moving frame
of reference at various downstream distances, for planar mix-
ing layers (top) and skewed ones (below). Here, U. = (Uj, +
U;)/2 is the mean convection speed of the mixing layer and
Uy = Uy, — U] is shear velocity. Note that cross-stream distance
is expressed in similarity parameter, 1) (see main text for def-
inition). Data collapse is approximated by an error function,
-erf(1/0.55) for both types of mixing layers. Legends as in
Fig. 2.

layers (30% and 10 % of Uy, resp.). The decreased velocity
region has a narrower width on the high-speed side, possibly
because of suppression of momentum transport due to strong
convection. Both of these observations indicate the presence of
a wake region near downstream. The exact reason for this ve-
locity defect is unknown, but we believe it might be due to the
combined effect of wake of the end-plates placed over vanes
and the tip vortex sheet (formed between tilted flow and outer
freestream) which may quickly break up into conventional vor-
tices aligned initially with the flow direction.

On the low-speed side, we observe another sharp decrease
in the flow speed in the very near-downstream region (0 < 1 <
1) before it starts increasing again. This happens for x/h < 0.2.
Since its effect is very close to the splitter plate and its thick-
ness is of order the thickness of the plate itself, this decrease
in velocity might be due to the wake of the plate.

Figure 4 shows the mixing layer thickness of the pla-
nar and the skewed mixing layers at different downstream
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Figure 4. Mixing layer thickness, d at various downstream
distances, for planar- (blue) and skewed mixing layers (red).
Black line: d&/dx = 0.055. Note that § and x are non-
dimensionalized by wind tunnel height.
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Figure 5. shear rate, dU/dy [m/s], at various downstream dis-
tances, for planar- (blue) and skewed mixing layers (red).

distances. In the near downstream region (x/h < 1.6), the
thickness of the skewed mixing layer is larger than that of
the planar ones and remains approximately constant. How-
ever, for the planar case, the thickness seems to increase non-
linearly. However, after x/h > 1.6, it becomes larger than
that for skewed case. In this region, for both types of mix-
ing layers, the thickness starts varying approximately linearly,
as expected, with downstream distance and does so at approxi-
mately equal rate (d6 /dx =~ 0.055). The difference in behavior
before and after x/h = 1.6 may be because of the strong initial
effects of the flow twisting. This is further explained by the
stronger shear rate in planar mixing layers than in the skewed
ones near downstream (see Fig. 5) and approximately equal

shear rate far downstream.

CONCLUSION

We carried out experiments on planar and skewed mixing
layers in a turbulence wind tunnel. We generated different-
speed streams using a passive grid half-covered with mesh,
and skewed the flow using turning vanes at the trailing edge of
the splitter plate. We fixed the vane angle at 10° to generate
skewed mixing layers while we aligned the vanes parallel with
freestreams to get back the planar case. We used cross-wires
to measure the mean flow velocities at different cross-, span-
and downstream distances.

Our measurements show that, after x/k > 1.6, for both
types of mixing layers, the mean streamwise velocity profiles
collapse and take an error function form, and the mixing layer
thickness grows linearly at an approximately equal rate. Be-
sides, we observed that the flow twisting has minimal effect
on the shear rates, and if any, it is dominant mostly in the near-
downstream regions.

Future research will focus on characterizing turbulent
stresses and studying how they vary compared to those in the
2D case. Further, we aim to do a parametric study to isolate
the effects of the velocity ratio, vane height, and angles.
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