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The origin and evolution of spatially stationary streamwise vortical structures in plane
mixing layers with laminar initial boundary layers were recently examined quan-
titatively (Bell & Mehta 1992). When both initial boundary layers were made turbulent,
such spatially-stationary streamwise structures were not measured which is indicative
of the high sensitivity of these structures to initial conditions. In the present study, the
effects of four different types of spanwise perturbations at the origin of the mixing layer
were investigated. The wavelengths of the imposed perturbations were chosen to be
comparable to the initial Kelvin—Helmholtz wavelength. For the first two per-
turbations, the boundary layers were otherwise left undisturbed. A serration on the
splitter plate trailing edge was found to have a relatively small effect on the formation
and development of the streamwise structures. The introduction of cylindrical pegs in
the high-speed side boundary layer not only generated a regular array of vortex pairs,
but also affected the mixing-layer growth rate and turbulence properties in the far-field
region. For the other two perturbations, the initial boundary layers were tripped on the
splitter plate. An array of vortex generators mounted in the high-speed boundary layer
and a corrugated surface attached to the splitter plate trailing edge had essentially the
same effects. Both imposed a regular array of relatively strong streamwise vortices in
counter-rotating pairs upon the mixing layer. This resulted in large spanwise distortions
of the mixing layer mean properties and Reynolds stresses. While the vorticity injection
increased the growth rate in the near-field region as expected, the far-field growth rate
was reduced by a factor of about two, together with the peak Reynolds stress levels.
This result is attributed to the effect of the relatively strong streamwise vorticity in
making the spanwise structures more three-dimensional and hence reducing entrain-
ment during the pairing process. The imposed streamwise vorticity did not follow
the pattern of increasing spanwise spacing seen in the ‘naturally occurring’ streamwise
vorticity. The mean streamwise vorticity decayed with increasing streamwise distance
in all cases, albeit at different rates.

1. Introduction

Since turbulent mixing layers are commonly encountered in practice (e.g. flow
reactors, combustion chambers and jet engines), the ability to control their structure,
growth and mixing properties would obviously have a vital impact on many
engineering applications. As a result, mixing layers have been a popular topic of study
over the years in both experimental and computational investigations.
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Flow visualization studies conducted in the late 1970s began to show that the near-
field development of plane mixing layers was not only influenced by the formation and
interaction of large-scale spanwise vortices (Brown & Roshko 1974), but also by the
formation of a secondary structure which took the form of pairs of counter-rotating
streamwise vortices (Konrad 1976; Bernal & Roshko 1986; Lasheras, Cho &
Maxworthy 1986). The results suggested that the streamwise vortices first formed in the
braid region connecting adjacent spanwise vortices, with their location determined by
the strength and position of upstream disturbances. The results of Konrad (1976) and
Bernal & Roshko (1986) also suggested that the scale, and hence spacing, of the
streamwise vortices increased with downstream distance. Jimenez (1983) obtained
time-averaged velocity measurements which showed strong spanwise ‘wrinkles’, thus
confirming earlier conjecture that the streamwise structures were spatially stationary.
The more detailed velocity measurements of Huang & Ho (1990) indicated that the
spanwise spacing of the streamwise structures doubled after each of the first two
pairings of the primary spanwise vortices that were investigated.

The presence and role of these ‘naturally occurring’ streamwise structures were
recently investigated through detailed (time-averaged) measurements of the mean
velocities and Reynolds stresses by Bell & Mehta (1989qa, 1992). A plane, two-stream
mixing layer was generated at a relatively high Reynolds number (Re; ~ 2.9 x 10%),
with a fixed velocity ratio, (U,— U,)/(U,+ §;) = 0.25, and laminar initial boundary
layers which were nominally two-dimensional. Measurements of the mean streamwise
vorticity indicated that concentrated streamwise vortices were formed just downstream
of the first spanwise roll-up. The initial average peak vorticity of these structures was
equivalent to about 30 % of the initial spanwise vorticity, and the average streamwise
circulation was about 10% of the spanwise circulation. The streamwise vortices first
appeared in clusters containing vorticity of both signs with their locations
approximately consistent with those of weak incoming disturbances. Further
downstream, the clusters re-organized to form an array of counter-rotating pairs. The
wavelength associated with the streamwise vortices was found to increase, scaling
approximately with the mixing-layer vorticity thickness. The vortices also weakened
with downstream distance, the maximum mean vorticity decaying as approximately
1/X*®, The mean streamwise vorticity was found to be strongly correlated in position,
strength and scale with the secondary shear stress (u'w’). The w'w’ data suggested that
the streamwise structures persisted through to what would normally be defined as the
self-similar region, although they were very weak by this point and the mixing layer
otherwise appeared to be nominally two-dimensional. In contrast, in the same mixing
layer developing from tripped initial boundary layers, spatially stationary streamwise
vortices were not observed and the far-field growth rate was about 25% lower than
that for the layer with laminar initial boundary layers (Bell & Mehta 1990).

The streamwise structure that forms in undisturbed mixing layers is characterized by
an irregular distribution of vortices. In order to gain a better understanding of the
origin and evolution of these structures, some experimental studies have used spanwise
triggering mechanisms to generate a regular array of streamwise vortices in the mixing
layer. Breidenthal (1980) made the first attempt to modify the streamwise structure by
installing wedges at regular intervals along the splitter plate trailing edge. His flow
visualization results showed that the mixing layer rapidly formed the characteristic
two-dimensional spanwise vortex structures and that further downstream all signs of
the initial perturbation disappeared. Lasheras et al. (1986) perturbed the mixing layer
by placing a small cylinder in one of the initial boundary layers and found that the
generated horseshoe vortex induced the formation of streamwise vorticity on either
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side, under the action of the strain produced by the spanwise vortices. Further
downstream, the structure continued to propagate laterally through self-induction.
Lasheras & Choi (1988) explored the effects of two types of sinusoidal perturbations
in the form of indented and corrugated splitter plate trailing edges. They concluded
that weak streamwise vorticity in the braid region was stretched under the positive
strain generated by the spanwise vortices and this led to the formation of vortices
whose axes were aligned with the direction of maximum strain. During the formation
of the streamwise vortices, the spanwise vortices were found to maintain their two-
dimensionality, thus indicating very little interaction between the two structures.
However, further downstream, an undulation of the spanwise vortex cores was
observed, with the same wavelength as the streamwise structures, but out of phase with
what would be expected. Several disturbance wavelengths, centring around the initial
Kelvin—-Helmholtz wavelength, were investigated, but an optimum wavelength for
maximum amplification was not observed. More recently, Nygaard & Glezer (1990,
1991) excited the spanwise vortex core instability using a time-harmonic waveform
synthesized by a mosaic of surface film heaters, flush mounted on the splitter plate.
They found that the streamwise vortices formed upstream of the first spanwise roll-up
and almost any excitable wavelength would lead to their generation. If the spanwise
excitation wavelength exceeded the initial Kelvin—Helmholtz wavelength, the primary
vortices developed spanwise undulations associated with the core instability.

All the investigations on imposed spanwise perturbations described above were
performed on relatively low Reynolds number (Re; < 3 x 10%) mixing layers generated
in water tunnels and the measurements were typically restricted to the near-field region
of their development. One of the objectives of the present study was to try and
regularize the streamwise vortex array generated in a relatively high Reynolds number
(Re; ~ 2.5 x 10*) mixing layer developing from laminar boundary layers. Another
objective was to investigate the effects of relatively strong injected streamwise vorticity
on the structure and development of a mixing layer originating from turbulent
boundary layers. In particular, the effect of the vorticity injection on mixing-layer
growth was to be investigated and the behaviour of the vorticity itself was to be
compared to that occurring ‘naturally’ in the undisturbed case.

2. Experimental apparatus and techniques

The experiments were conducted in a mixing-layer wind tunnel (figure 1), consisting
of two separate legs which are driven individually by centrifugal blowers connected to
variable speed motors (Bell & Mehta 19895). The two streams are allowed to merge at
the sharp edge of the tapered splitter plate. The included angle at the splitter plate edge,
which extends 15 cm into the test section, is about 1°. The test section is 36 cm in the
cross-stream direction, 91 cm in the spanwise direction and 366 cm in length. One
sidewall is slotted for probe access and flexible for pressure gradient control. For all the
present measurements, the flexible wall was adjusted to give a nominally zero
streamwise pressure gradient.

In the present study, the leg driven by the bigger blower was operated at a free-
stream velocity in the test section, Uj, of 15 m/s while the flow speed in the other leg,
U,, was set at 9 m/s, thus giving a mixing layer with velocity ratio, A = (U, —0},)/
UG+ U0) =025 (r=U,/U =0.6). At these operating conditions, the measured
streamwise turbulence level (#'/U,) was about 0.15% and the transverse levels (v'/U,
and w’/U,) were about 0.05 %. The mean core-flow was found to be uniform to within
0.5% and cross-flow angles were less than 0.25°.
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FiGURE 1. Schematic of mixing-layer wind tunnel. (All dimensions in cm.)

U Oge 0
Condition (m/s) (cm) (cm) Re, H
High-speed side, undisturbed 150 040 0.053 525 252
Low-speed side, undisturbed 90 044 0.061 362 2.24
High-speed side, tripped 150 076 0.082 804 149
Low-speed side, tripped 90 0.85 0.094 567 1.50

TasLE 1. Initial boundary layer properties

For the first two spanwise perturbations described below, the boundary layers were
otherwise left undisturbed, whereas for the last two perturbations the boundary layers
were tripped in addition. For the tripped cases, the boundary layers on the splitter plate
were perturbed using round-wire trips, of 0.8 mm diameter on the high-speed side
and 1.2 mm diameter on the low-speed side. The trips were installed 15 cm upstream
of the trailing edge to allow for the boundary layers to recover from the perturbation.
Details of the boundary layers (without vorticity injection) measured at the splitter
plate trailing edge are summarized in table 1.

The perturbation in the first experiment was a serration in the form of a sinusoidal
variation in the splitter plate trailing edge in the (X, Z)-plane (figure 2a). The serration
was similar to that used by Lasheras & Choi (1988) and was intended to introduce a
small but regular spanwise variation in the mixing-layer origin, which would in turn
induce the formation of streamwise vortices at regular intervals. In effect, the spanwise
vortex lines are kinked in the (X, Z)-plane, thus producing a streamwise component of
vorticity which is then stretched in the braid region. It was hoped that the resulting
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FIGURE 2. Schematic of perturbation mechanisms. (@) Serration; (b) pegs; (c) vortex generators;
(d) corrugation.

vorticity field would display a behaviour similar to that in the ‘natural’ case, but with
a more regular structure. The serration wavelength was chosen to be approximately
equal to the initial Kelvin—Helmholtz wavelength of the spanwise vortices (~ 1.7 cm)
and the amplitude was equivalent to 50 % of the combined boundary-layer thicknesses.
Following Lasheras & Choi (1988), a relatively small amplitude was chosen so as to
impose only a weak perturbation on the flow.

The second perturbation consisted of a single row of small cylindrical pegs installed
within the high-speed side boundary layer on the splitter plate (figure 25). The pegs
protruded through the high-speed side boundary layer and, through interaction with
the boundary layer, each peg produced a horse-shoe vortex with two legs of opposite-
signed vorticity. The intention was to provide a regular array of streamwise vortices
which would then presumably evolve in the mixing layer in the same way as the
‘naturally-occurring’ vorticity. The peg spacing was again comparable to the initial
Kelvin—Helmholtz wavelength.

In the final two cases, perturbations were introduced in mixing layers originating
from turbulent initial boundary layers in an attempt to impose a streamwise vortex
structure which would otherwise be absent.

In the first case, streamwise vortices were generated by a row of half-delta wing
vortex generators placed on the high-speed side of the splitter plate (figure 2¢). The
vortex generators were installed at alternating positive and negative angles of attack so
as to produce an evenly-spaced row of counter-rotating streamwise vortices. The
vortex generator spacing was comparable to the estimated initial Kelvin—Helmholtz
wavelength, and the semi-span was approximately equal to the local boundary-layer
thickness.

In the second case, an extension, corrugated in the cross-stream (Y) direction, was
attached to the end of the splitter plate, thus giving it a three-dimensional trailing edge
(figure 2d) — this perturbation is also similar to that investigated by Lasheras & Choi
(1988). The corrugation induced vertical and lateral velocity components in the
boundary layer such that the flow migrated towards the local trough (Eckerle, Sheibani
& Awad 1992). The opposite effect took place in the other boundary layer and the
secondary flow thus generated rolled-up into a streamwise vortex. Each full cycle of the
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corrugation produced a pair of opposite-signed streamwise vortices and so the
wavelength was chosen to equal roughly twice the Kelvin—Helmholtz wavelength; the
amplitude was approximately equal to 0.8 times the sum of the boundary-layer
thicknesses.

The wavelength associated with the generated streamwise vortices in all cases in the
present study was equivalent to between one and two times the initial Kelvin—
Helmholtz wavelength. The perturbation wavelength was not systematically varied
in any of the present studies since previous experimental investigations (Lasheras &
Choi 1988; Nygaard & Glezer 1991) have shown that virtually any wavelength can be
successfully generated. This observation is consistent with results of stability analyses
(Pierrehumbert & Widnall 1982; Rogers & Moser 19934a) which suggest that the
mixing layer will amplify spanwise disturbances over a broad range of wavelengths,
with the most-amplified wavelength being about 2 of the Kelvin—-Helmholtz wavelength.

Measurements were made using a rotatable cross-wire probe held on a three-
dimensional traverse and linked to a fully automated data acquisition and reduction
system controlled by a MicroVax II computer. The cross-wire probe had 5 xm
diameter tungsten sensing elements about 1 mm long and positioned about 1 mm
apart. The probe was calibrated statically in the potential core of the flow assuming a
‘cosine-law’ response to yaw, with the effective angle determined by calibration. The
analog signals were filtered (low pass at 30 kHz), d.c. offset, and amplified ( x 10)
before being fed into a computer interface. The interface contained a fast sample-and-
hold A/D converter with 12 bit resolution and a multiplexer for connection to the
computer. Individual statistics were averaged over 5000 samples obtained at a rate of
between 400 and 2500 samples per second — note that this relatively low sampling rate
does not affect the time-averaged data presented exclusively in this article.

Data were obtained in the (uv)- and (uw)-planes at eight streamwise stations
within the test section, located from X & 8 to 250 cm downstream of the splitter plate.
At each station, data were obtained in a cross-sectional plane which typically extended
over 20 points in the cross-stream direction, and 60 points in the spanwise direction.
The spanwise extent of the data set ranged from three to ten mixing-layer thicknesses,
depending on the streamwise location. All the global properties presented in this paper
were spanwise-averaged for all cases (Bell, Plesniak & Mehta 1992). This was done by
dividing the measurements obtained on a cross-plane grid into ‘slices’ through the
mixing layer. The properties computed from each slice were then averaged with those
obtained at other spanwise positions. In effect, the mixing-layer properties were
averaged over 30-70 velocity profiles measured at the defined spanwise locations.

An error analysis, based on calibration accuracy and repeatability of measurements,
indicates that mean streamwise velocity measurements with the cross-wire were
accurate to within 3 %, while mean cross-stream velocities were accurate to within
10%. Reynolds normal stress measurements were accurate to within 6 %, and shear
stresses were accurate to within 15-20%.

The measurements of U, W, and v'w’ were corrected for mean streamwise velocity
gradient (0U/0Y) effects (Bell & Mehta 19894). In the vortex generator and
corrugation cases, since relatively high values of dU/0Z were encountered in addition,
the measurements of ¥ and u'v” were also corrected for shear effects. The streamwise
component of mean vorticity (v, = 0W/3Y—0V/0Z) was computed using the central
difference method. The overall circulation was found by taking the surface integral of
the streamwise vorticity over the cross-flow plane with vorticity levels less than 20 %
of the maximum value being set to zero in order to provide immunity from ‘noise’. The
integration was applied across a rectangular ‘box’ on the measured grid that fully
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encompassed each identified vortex (that containing at least two closed vorticity
contours with the spacing of the contour levels chosen to equal 10% of (£2,),,,.)- The
mean streamwise vorticity measurements were repeatable to within about 20 % and the
circulation measurements were repeatable to within about 25 %.

3. Results and preliminary discussion
3.1. Three-dimensional structure

The measurements are first presented in the form of contour plots at two representative
streamwise locations (X & 17 and 78 cm — the X distances were slightly lower for the
serration (by 2 cm) and corrugation cases (by 3 cm) where the splitter plate trailing
edge was extended). The locations of these stations in terms of the initial mixing-layer
momentum thickness are given below in table 4. Wherever appropriate, results for the
laminar (undisturbed boundary layers) and turbulent (tripped boundary layers) cases,
without vorticity injection, are also included for comparison. All the data are
normalized by the velocity difference across the mixing layer, U, = U, — U,

Contour plots of the mean streamwise velocity and vorticity, measured at X ~
17 c¢m in the near-field region of the mixing layer, are presented in figures 3 and 4,
respectively. The results highlight the considerable differences in the near-field
evolution of the six cases. This is true even for the two cases (undisturbed and tripped)
without vorticity injection (figures 3 and 4a, b). The velocity contours for the
undisturbed case exhibit some random kinks caused by the presence of ‘clusters’ of
streamwise vorticity (figure 4a). The streamwise vortices produce momentum transport
in the cross-stream direction which results in the distorted mean velocity contours. The
velocity contours for the tripped case, on the other hand, are almost straight and
paralle], suggesting the absence of any organized, spatially stationary streamwise
vorticity. This notion is confirmed by the vorticity measurements, which for the tripped
case show levels lower than the undisturbed case by an order of magnitude, with no
evidence of any organization (figure 45).

The serration, pegs, vortex generators, and corrugations were all intended to
produce a regular array of streamwise vortices in the mixing layer, as opposed to the
irregular distribution present in the undisturbed case. This was achieved with varying
degrees of success, as shown in figure 4. The serration appears to have a relatively
small, if any, effect in organizing the vorticity distribution or changing its strength. In
both the undisturbed and serration cases, the streamwise vortices appear to be
organized in clusters, the locations of the clusters being determined by the locations of
weak incoming disturbances (Bell & Mehta 1992). In both cases, the mean velocity
contours (figure 3a, ¢) show the same pattern of random wrinkles. If anything, the
streamwise vortices in the serration case seem to be having a smaller effect on the
mixing layer — the wrinkles in the mean velocity contours appear weaker than those in
the undisturbed case.

The perturbation provided by the other three mechanisms is clearly more effective
at distorting the velocity contours, as shown in figure 3(d-f). A very regular distortion,
which spans the whole mixing-layer width, is evident with the expected wavelengths of
2 cm for the peg case (reproducing the spacing between the pegs) and about 4 cm for
the vortex generator and corrugation cases (following the 3.8 cm wavelength of the
perturbations). The vortex generator and corrugation cases exhibit ‘mushroom’
shapes similar to those observed in previous flow visualization studies (Bernal &
Roshko 1986; Lasheras & Choi 1988). This type of severe cross-stream distortion
should significantly increase mixing between the two streams (Eckerle et al. 1992). The
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mean vorticity measurements (figure 44~f) confirm that the distortion is the result of
a regular array of streamwise vortices in the mixing layer. Although the peak vorticity
levels in the peg case are somewhat lower than those in the undisturbed case, the
regular distribution and larger scale result in a more distinct (sinusoidal) distortion of
the mean velocity contours. The strengths of the vortices generated by the vortex
generators and the corrugation are higher in comparison, and result in much stronger
distortion of the mean velocity contours. In both the peg and vortex generator cases,
the location of the row of vortices is biased towards the high-speed side of the mixing
layer. This is to be expected since the perturbations were installed within the high-speed
side boundary layer. In addition, the spacing between adjacent (opposite-signed)
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vortices in these cases is constant and the mean velocity contours appear symmetric
about the mixing-layer centreline. In contrast, in the corrugation case, the distance
between pairs of vortices is greater than that between the vortices making up the pair.
The vortex row is also biased towards the low-speed side and the mean velocity
contours are not symmetric about the layer centreline. Note that the generation of
vorticity in the peg and the vortex generator cases relies only on the high-speed stream
whereas the vortex generation from the corrugation relies on both streams and some
asymmetry is, therefore, not too surprising. As described above in §2, the streamwise
vortices in the corrugation case result from the skewing (in opposing directions) of the
boundary layers on the two sides of the splitter plate. Owing to the greater momentum
of the high-speed side fluid, the resultant streamwise vortices are convected cross-
stream towards the low-speed side and laterally towards the local trough, thus giving
rise to the asymmetric distribution observed in figure 4 (f). It is interesting to note that
this type of asymmetric distribution of the streamwise vortices is also reproduced in
temporal simulations using the vortex dynamics method (Ashurst & Meiburg 1988)
and the direct numerical method (Rogers & Moser 1991) when the splitter plate wake
is represented in the initial velocity profile.

The mean velocity contours presented in figure 3 reiterate the importance of
spanwise-averaging of the data. Typical mixing-layer properties can have relatively
large spanwise variations in this near-field region. For example, the relative standard
deviation of the mixing-layer thickness varies from about 3% in the tripped case to
about 50 % in the corrugation case, with that in the undisturbed case being about 15%.

The distributions of the turbulence quantities in the mixing layer are also significantly
affected by the imposed streamwise vorticity. Since the perturbations have qualitatively
similar effects on all the Reynolds stresses, only the primary shear stress (1'v") results
are presented here. The ©'v” contours for all six cases at X & 17 c¢m are shown in figure
5(a—f). The distributions for the undisturbed and serration cases show an irregular
distortion with isolated peaks, whereas that for the tripped case appears nominally
two-dimensional. The peak shear stress levels for the undisturbed and serration cases
are significantly higher than for the tripped case — this is the classically observed
‘laminar overshoot’. The peg case also exhibits distorted shear stress contours, but in
a regular sinusoidal form with a local peak at every crest location. The shear stress
contours for the vortex generator and corrugation cases basically show isolated peaks
distributed in a regular array. In all cases, the local peaks appear in regions where the
velocity contours are crowded together (in the Y-direction) leading to stronger mean
velocity gradients (0U/0Y), and hence higher «'v’ production, through the v"20U/0Y
term in the shear stress transport equation. Note also how the regions of negative
0U/0Y in the corrugation case (figure 3f) lead to the production of negative #'v’ (figure
5f). In addition to 0U/0Y, dU/0Z and gradients of the secondary velocities (¥ and W)
are also generated which affect the production of all the Reynolds stress components.

Some interesting changes in the mixing-layer structure are observed with increasing
downstream distance, as seen in figures 6 and 7, which show the mean streamwise
velocity and vorticity contours, respectively, at X ~ 78 cm. The velocity contours for
the undisturbed and serration cases (figure 64, ¢) appear very similar with a regular
sinusoidal variation of about 5 c¢cm wavelength. The regular spanwise variation is
caused by the realignment of the clusters of mean streamwise vorticity into a single row
of counter-rotating vortex pairs as seen in figure 7(q, ¢). The realignment of the
vorticity is mainly caused by induced velocity effects — the vorticity is expected to
continue to realign until an equilibrium state is achieved whereby it forms a single row
of equally spaced counter-rotating pairs, with the strengths comparable. Note that the
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distribution of the individual vortical structures and peak levels are very similar for the
two cases. Also, the peak mean vorticity levels have decayed drastically with
streamwise distance. With no spatially stationary vorticity present, the contours for the
tripped case (figure 7b) continue to indicate a two-dimensional behaviour (figure 6b).
Somewhat surprisingly, so do the results for the peg case (figure 6d), thus implying that
the injected streamwise vorticity has decayed relatively quickly. This is confirmed by
the mean streamwise vorticity results for this case (figure 7d) which show only very low
levels, those comparable to the ‘noise’ in the measurement scheme. The streamwise
vortices generated by the vortex generators and the corrugation exhibit a symmetric
(unbiased) distribution with equal spacing between adjacent vortices. The peak levels
of mean vorticity have again decayed in both cases with a slightly faster decay in the
corrugation case (figure 7e, f). The regular distribution of the streamwise vortices has
resulted in the very regular distortion of the mean velocity contours (figure 6e, f),
which now takes the form of a sinusoidal wrinkle. Note that the wrinkle wavelength
(~ 4 cm) is about the same as that observed at the upstream station (X ~ 17 cm). The
amplitude of the wrinkle is slightly higher for the vortex generator case, as would be
expected from the higher mean vorticity levels.

The primary shear stress contours at this station, presented in figure 8, reflect similar
trends. The undisturbed and serration cases exhibit distorted contours, similar to the
mean velocity contours, but with local peaks and higher shear stress levels than all the
other cases. The contours for the tripped and peg cases appear almost straight and
parallel, indicating a nominally two-dimensional turbulence structure. The vortex
generator and corrugation cases still exhibit a severe, but very regular distortion, with
local peaks symmetrically distributed.

By the measurement station at X = 78 ¢cm, almost all the measured quantities for the
serration case were found to be identical to those in the undisturbed case.
Measurements at further downstream locations were, therefore, not obtained for this
case. Although the serration had some near-field effects, it did not successfully trigger
a regular array of streamwise vortices as had been expected based on Lasheras &
Choi’s (1988) results (obtained at a relatively low Reynolds number of Re, = 300). The
main reason for this failure was that, at the relatively high Reynolds numbers of the
present study (Re, ~ 2.5 x 10%), the regular perturbation produced by the serration had
decayed almost completely by the time the flow reached the location of the first
spanwise roll-up where amplification occurs. This was borne out by measurements of
the mean streamwise velocity in the very near-field of the mixing layer (figure 9). The
results clearly show how the regular perturbation introduced by the serration decays
rapidly with streamwise distance such that the original signature is completely lost by
the location of the first spanwise roll-up (at X = 5 cm, based Bell & Mehta’s (1992)
results for the undisturbed case). Huang & Ho (1990) also reported that relatively weak
disturbances in the form of tape blocks were not effective in triggering the streamwise
vortices in their mixing layer at high Reynolds number (Re, =~ 1.7 x 10%).

Further downstream, the mean streamwise vorticity was found to decay mon-
otonically in all cases such that the mixing layer appeared nominally two-dimensional
at the last measurement station (X ~ 250 cm). Details of the mean streamwise vorticity
evolution for all the cases are given in §3.3.

3.2. Streamwise development of global properties

Following Townsend (1976), the mixing-layer thickness, 8, is defined by fitting the
mean streamwise velocity data to an error function profile shape:

U* = Y1 +erfQ)], M
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FIGURE 9. Spanwise variation of mean velocity (U) along the mixing-layer centreline (Y = 0) for
the serration case.
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FiGure 10. Streamwise development of mixing-layer thickness.

where U* = (U-—U},)/ U, and ¢ is the normalized y-coordinate:

E=(Y-1)/o. )

The values of ¢ and ¥, are determined by optimizing the error function fit.

The streamwise development of the spanwise-averaged mixing-layer thickness is
shown for all the cases in figure 10. We consider first the cases with untripped initial
boundary layers, namely the undisturbed, serration, and peg cases. Note that the
serration and undisturbed case thicknesses are nearly identical, reinforcing the
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Case dé/dx
Undisturbed 0.023
Tripped 0.019
Vortex generators 0.012
Corrugation 0.011
Brown & Roshko (1974) 0.023
Browand & Troutt (1985) 0.021

TABLE 2. Far-field growth rates

impression given in the contour plots that the effects of this perturbation are negligible.
The perturbation introduced by the pegs clearly has a much larger effect. Based on the
velocity contours in figure 3, it may seem surprising that the peg case (and not the
corrugation) has the highest thickness at X’ = 8 cm, but note that figure 10 shows the
spanwise-averaged (local) thickness, rather than the thickness of the spanwise-
averaged layer. Near-field growth is also increased markedly, while the far-field growth
remains nonlinear to the end of the measurement region, indicating that an asymptotic
state is not achieved. The similarity between this growth profile and the stepwise
growth observed in mixing layers subjected to periodic forcing (Oster & Wygnanski
1982) has prompted the suggestion that regular vortex shedding by the pegs is perhaps
providing an excitation which locks-in the spanwise vortex pairing locations (J.
Jimenez, private communication). It is interesting to note that the nonlinear behaviour
starts at X = 78 cm, by which point about three spanwise vortex pairings should have
occurred giving a spanwise vortex passage frequency of about 90 Hz (Bell & Mehta
1989 ¢) and the estimated peg shedding frequency (based on a Strouhal number of 0.21)
is about 100 Hz.

The far-field growth rate, determined by a least-squares fit to the thickness data
between X = 78 cm and X = 250 cm, is given in table 2. The growth rates for the
serration and peg cases are not tabulated since the serration case was not continued
into the far-field region and the peg case exhibited a nonlinear growth, as discussed
above. Also included in table 2, for reference, is the growth rate based on the relation
suggested by Brown & Roshko (1974) for the vorticity thickness, §,:

dé,/dx = 0.164, 3
and that proposed by Browand & Troutt (1985) for the momentum thickness, 4:
df/dx = 0.0342, C)]

where the relations, § =4,/ n and & = (2n)i6 are used for the conversion.

The growth rate of the undisturbed mixing layer is the same as that given by Brown
& Roshko’s (1974) relation (equation (3)) derived from a compilation of data obtained
by several investigators. However, it is about 10% higher than that predicted by
Browand & Troutt’s (1985) relation (equation (4)) based on their own (single profile)
measurements of two-stream mixing layers originating from laminar boundary layers.
As discussed in §2, the present measurements were obtained on large cross-plane grids
and then spanwise-averaged. Somewhat ironically, as shown in Bell et al. (1992), if the
growth rate of the undisturbed case is evaluated from only the centreline (Z = 0)
profiles, then a value of d§/dx = 0.021 is obtained, exactly the same as that given by
Browand & Troutt’s relation.

In the absence of vorticity injection, the growth rate of the mixing layer is clearly
influenced by the state of the initial boundary layers. The asymptotic growth rate for
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FIGURE 11. Streamwise development of maximum turbulent kinetic energy.

the tripped mixing layer is significantly lower (by about 25%) than that for the
undisturbed case (table 2). It was previously hypothesized that the undisturbed case
grew faster owing to extra entrainment provided by the streamwise vorticity (Bell &
Mehta 1990), although the structure of the spanwise rollers in the two cases may also
be affected, as discussed below in §4. The injection of streamwise vorticity into the
tripped case was, therefore, expected to increase its growth rate by providing an
additional source of entrainment. In this regard, the pegs, vortex generators and
corrugation have substantially the same effects. The expected higher growth rate is
achieved in the near-field (X < 60 cm), as clearly seen in figure 10. However, further
downstream (X = 100 cm), the asymptotic linear growth rates for the vortex generator
and corrugation cases are reduced significantly (by about 40%) over both the
undisturbed and tripped cases. Despite the differences in the nature of the
perturbations, the vortex generator and corrugation cases both grow at nearly the same
rate.

Since the mixing-layer growth rates are so drastically affected by the perturbations
at the origin, the Reynolds stress levels might be expected to show a comparable effect.
This is indeed the case, as shown in figure 11, where the streamwise development of the
spanwise-averaged peak turbulent kinetic energy [(qz)maz] is plotted. Actually, it is
twice the turbulent kinetic energy since ¢ is defined as, ¢® = w2 +v"2 + w’2. Despite the
relatively large difference in growth rates, both the undisturbed and tripped cases
asymptote to about the same constant level of (¢%),,,, (= 0.07) beyond X = 125 cm.
This asymptotic value agrees reasonably well with the data compiled by Rodi (1975)
for two-stream mixing layers. The perturbed cases also achieve approximately constant
levels in the far-field region, but lower than those for the cases without vorticity
injection. The energy in the peg case levels-off at (¢°),,,, & 0.05 in the region X =
100-150 cm, but then exhibits an upward trend further downstream, perhaps indicating
a recovery from the effects of the perturbation. The (¢?),,,, levels for the vortex
generator and corrugation cases, on the other hand, do not show such obvious signs
of a recovery from the lower constant level of about 0.04. In the near-field, the
undisturbed case displays the classically observed ‘ overshoot’ in turbulence intensity,
before dropping down to the asymptotic level. The overshoot seen in the perturbed
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FIGURE 12. Streamwise development of maximum primary shear stress. For legend see figure 11.

cases is due to the generation of normal stresses, as the mixing layer is distorted by the
strong streamwise vortices, thus producing high mean velocity gradients. In the
undisturbed case, the overshoot is made up of very strong fluctuations at the
Kelvin—Helmholtz frequency, while in the perturbed cases it is much more broadband.
The slight overshoot in the tripped case is due to the effects of the splitter plate wake,
which is somewhat stronger in this case compared to the undisturbed case (Mehta
1991).

The spanwise-averaged peak primary shear stress [(¥'v'),,,,] levels are similarly
affected (figure 12). The tripped case achieves a constant level of («'v'),,,, ~ 0.011
beyond X = 100 cm, and, by X ~ 250 cm, the undisturbed case has also reached a
comparable level. The peg case slowly approaches a level which is only slightly lower
(~ 0.010) than that of the two cases without vorticity injection. This behaviour further
confirms that the peg case is certainly recovering from the effects of vorticity injection.
The vortex generator and corrugation cases appear to asymptote to about the same
constant level, but relatively early (X ~ 100 cm), and the level is significantly lower
(~ 0.006), consistent with the lower growth rates, as further discussed below. The fact
that the peak stress levels in the near-field are so different, even for cases which are
otherwise comparable, such as the undisturbed and serration, is not really surprising.
Plesniak, Bell & Mehta (1993) showed that even very small changes in initial
conditions, such as those produced by swapping the high- and low-speed sides, can
affect the peak Reynolds stress levels in the near-field region significantly.

In order to investigate whether the peak turbulent kinetic energy and shear stress
have been affected proportionately by the various perturbations, their ratio, defined
here as, @, = (U'V") 10:/(4%) maz» 18 Plotted in figure 13. Downstream of X ~ 150 cm, a,
for all the cases has collapsed to within about 15% of the value, a; = 0.16 — a value of
a, = 0.15 is normally observed in fully developed turbulent flows. The collapse of 4, in
the far-field region implies that ¢* and u'v” are indeed affected proportionately and that
the turbulence structure for all cases is perhaps similar. It is interesting that the vortex
generator and corrugation cases exhibit more or less constant (and approximately
equal) levels of a, throughout their development. L

It is possible to relate approximately the peak level of primary shear stress, (4'v),,4.5
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- Vortex
W@Y) e Undisturbed  Tripped generators Corrugation High-speed A =0.54
Measured 0.011 0.011 0.0061 0.0065 0.0071 0.0069
Caiculated 0.013 0.010 0.0067 0.0060 0.0073 0.0089

TABLE 3. Measured and calculated («'v")

maz

to the mixing-layer growth rate, dé/dx, for a given velocity ratio parameter, A. The
simplified relation for a two-dimensional, self-similar mixing layer that evolves from
the analysis given by Townsend (1976), is:
W) ez _ déi

i 0.141 R &)
This relationship (based on some crude assumptions) is used here only to infer details
regarding the mixing-layer structure, and not as a prediction tool. The measured and
calculated values of (W'v"),,,, for cases where linear growth and asymptotic values of
the peak shear stress were obtained are compared in table 3.

The measured and calculated values of (u'v’),,,, in the tripped, vortex generator and
corrugation cases agree to within +10%. The relatively poor agreement in the
undisturbed case ( ~ 20 %) suggests that this layer has not reached an equilibrium (self-
similar) state. Indeed, we expect that self-similar plane mixing layers will be
homogeneous in the Z-direction (Townsend 1976), and contour plots of this mixing
layer (Bell & Mehta 1992) exhibit spanwise variations associated with the presence of
spatially stationary streamwise vortices all the way up to the last station. Note that the
predicted value of (u'v'),,,, is higher, and this, together with the lower growth rate of
the tripped case, suggests that the undisturbed layer has an ‘abnormally high’ growth
rate. Bell & Mehta (1990) attributed the higher growth rate to the presence of the
spatially stationary streamwise vortices which supply additional entrainment. Since the
streamwise vortices decay with streamwise distance, and since all the Reynolds stress
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components (including #'w’) achieved approximately constant (or near-zero) levels by
the end of the measurement domain, Bell & Mehta hypothesized that the undisturbed
mixing-layer growth rate would decrease further downstream. In fact, the turbulence
structure of the undisturbed case is very similar to that of the tripped case by the last
station and so it is expected that the undisturbed growth rate would eventually drop
down to that of the tripped case. In all respects, the tripped case appears to have
achieved the final asymptotic (self-similar) state in the present study. Furthermore,
comparisons with some recent results from a direct numerical simulation of a mixing
layer developing from turbulent velocity fields show that the tripped case growth rate
and turbulence distributions are very similar to the ones computed in the self-similar
region (Moser & Rogers 1992; Rogers & Moser 1993 5). The simulation results also
show that self-similarity is achieved faster when the initial conditions are turbulent (as
opposed to laminar), in agreement with the present observations. Therefore, in the
present study, the tripped case is regarded as the base case for comparisons with the
perturbed cases.

One of the assumptions in the derivation of equation (5) is that the mean velocity
profile of a self-similar mixing layer is well represented by an error function. So the
invalidity of equation (5) could be due to a difference in velocity profile shapes.
However, on examining the present data, it was found that the far-field velocity profiles
for all cases were adequately represented by the error function. Another ‘built-in’
assumption is that the mixing layer does not have any additional entrainment
mechanism which may contribute to the growth of the layer. As discussed above, we
believe that the three-dimensionality in the undisturbed case, in the form of spatially
stationary streamwise vortices, does precisely that. The validity of equation (5) may,
therefore, be looked upon as an indicator of two-dimensionality (in the mean). In view
of this, it is really surprising that the perturbed cases, which are more three-
dimensional in the near-field, owing to the stronger injected streamwise vorticity, also
satisfy equation (5). However, as shown below in §3.3, the stronger injected vorticity
also decays faster and the perturbed cases therefore appear more two-dimensional in
the far-field region (X > 100 cm) compared to the undisturbed case. In addition to the
two-dimensionality, the perturbed cases also seem to satisfy some of the other con-
ditions necessary for self-similarity, namely linear growth and nominally constant peak
Reynolds stress levels, although the growth rates and peak stress levels are much lower
than the corresponding values for the tripped case. Thus, these cases would seem to
violate the principle of self-similarity, in that the mixing-layer far-field properties are
manifestly dependent on initial conditions (Townsend 1976). However, a careful
examination of the spanwise-averaged profiles plotted in similarity coordinates reveals
that the perturbed cases may still be undergoing some readjustments. The primary
shear stress profiles at the last four stations in the seemingly asymptotic region for the
vortex generator and corrugation cases are shown in figures 14(a) and 14(b),
respectively. The results for the vortex generator case clearly show a slow, but
monotonic, increase in the peak shear stress levels as the profile becomes ‘fuller’ near
the centreline. In the corrugation case, the peak levels do not vary as much, but the
shape again changes, becoming more symmetric about the centreline. The question
which then arises is with regard to the development distance required for these
perturbed mixing layers to fully recover from the effects of the initial conditions. In the
present facility, measurements downstream of X = 250 cm were found to be impractical
owing to contamination from the sidewall boundary layers. In order to extend
measurements farther downstream effectively, additional data were obtained for the
corrugation case at different operating conditions.
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FIGURE 14. Primary shear stress (w2’ /U?) profiles in the far-field region: (a) vortex generators;
(b) corrugation.

First, the flow velocity on both sides was doubled to produce a ‘high-speed’ case.
Doubling the velocities doubles Re, at the last station from 9.8 x 10° to 2.0 x 10°. Data
were obtained at the last three streamwise locations in order to determine the far-field
turbulence levels and growth rate. The increased velocities resulted in about a 20%
increase in growth rate, from dé/dx = 0.011 in the base corrugation case to dé/dx =
0.013, but this is still considerably lower than that of the tripped case (dé/dx = 0.019).
The maximum shear stress also increased (by about 10 %), such that the relationship
given by equation (5) still holds well (table 3), thus suggesting that the streamwise
vorticity in this mixing layer has also decayed relatively quickly. The results indicate
that the far-field effect of the corrugations is reduced with increasing free-stream
velocity. They also imply that the growth rate and peak Reynolds stress levels may
continue to increase with Re,, so that at sufficiently large Re, (i.e. a sufficiently large
distance downstream) a full recovery is achieved. It is quite clear though, that full
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FIGURE 15. Streamwise development of peak mean streamwise vorticity.

recovery may take a very long streamwise distance to accomplish, probably too long
to be relevant in most practical applications.

A second case was produced by increasing the high-speed side velocity from 15 m/s
to 30 m/s, while maintaining the low-speed side velocity at 9 m/s, giving A = 0.54
(r = 0.33). In this ‘A = 0.54° case, the velocity difference was increased relative to the
convection velocity with the expectation that more pairings of the spanwise structures
will have occurred by a given streamwise location, thus making the mixing layer
dynamically ‘older’ at that location. In this case, a higher growth rate (dé/dx = 0.034)
was obtained, as expected for a higher velocity ratio, but the measured (¥'v'),,,, was
also increased to 0.0069. While this case displayed linear growth and constant Reynolds
stresses, the measured level of (1'v),,,, is about 30% lower than that predicted by
equation (5), as shown in table 3. The lack of agreement indicates that this mixing layer
may still contain some three-dimensionality, and, as discussed above, this may be
responsible for extra entrainment, resulting in a higher growth rate for a given shear
stress level. It is quite reasonable to expect that the three-dimensionality in a mixing
layer is a function of the velocity difference across the layer. A higher velocity
difference means a higher shear which leads to stronger spanwise vortices and hence
more stretching in the braids. So this case, with stronger streamwise vortices, may take
even longer to achieve an equilibrium state.

3.3. Development of the mean streamwise vorticity

In the time-averaged measurements obtained in this study, the most representative
properties which assess the vortex strength are the peak mean streamwise vorticity and
mean circulation. In the cases for which these quantities are measurable, their
streamwise evolutions are presented in figures 15-17. The development of the peak
mean streamwise vorticity, averaged over all vortices identified at a given station, is
plotted on a log—log scale in figure 15. The vortex generator and corrugation cases have
the highest initial mean vorticity levels, while those for the other three cases are
comparable. Not surprisingly, the behaviour of the serration case is quite similar to
that of the undisturbed case. Although the near-field decay is different for each case,
in the region X &~ 15-100 cm the peak levels for all cases fall approximately along
straight lines, indicating power-law-type decay rates. The peak mean vorticity in the
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FIGURE 17. Streamwise development of average streamwise vortex circulation.
For legend see figure 16.

undisturbed case decays as approximately 1/X1® while that in the vortex generator and
corrugation cases decays somewhat faster (1/X*-%), thus giving comparable levels in the
three cases by X ~ 100 cm, Further downstream, the peak vorticity levels for the vortex
generator and corrugation cases dropped to the point where they became comparable
to the background noise. The highest vorticity decay rate is observed in the peg case
(1/X"#®), and since its initial levels are comparable to those in the undisturbed case, this
results in relatively weak vorticity at X = 78 cm. It should be noted that these values
only reflect the decay of the spatially stationary part of the secondary structure. It is
possible that the structure is actually maintaining its strength, but ‘meandering’ with
increasing amplitude as it moves downstream. Such vortex meander would decrease
the mean vorticity measured at a given station. However, the balance of evidence
suggests that most of the observed decay is real rather than an artifact of meander (Bell
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& Mehta 1992; LeBoeuf & Mehta 1993). This view is consistent with the numerical
simulation results which show that streamwise (‘rib’) vortices do not persist through
to the seif-similar region (Moser & Rogers 1992).

_The rate of real decay is at least partly determined by the level of anisotropy
(v?*—w®) in the turbulence field, which is responsible for the production or
maintenance of streamwise vorticity (Bell & Mehta 1992). Although the pegs produce
a very strong and regular perturbation in the mixing layer, the vorticity appears to
decay the fastest. The main reason for this effect is that the pegs, apart from producing
the streamwise vorticity, also make the laminar boundary layer on the high-speed side
transitional. The overall result is that the peak levels of v and w’* are comparable in
the near-field region of the peg case, thus reducing the level of anisotropy. This means
that production of vorticity due to anisotropy is small and, hence, decay of the vortices
occurs faster.

The secondary vortex structure is idealized to exist mostly in the braid region at an
angle to the mean flow. Thus, the structure contains both streamwise and cross-stream
vorticity. Assuming that streamwise velocity gradients are small compared to spanwise
gradients, it is possible to estimate the cross-stream vorticity, Q, = (QU/0Z)—
(0W/0X), by neglecting the oW /oX term. To some extent, the ratio of streamwise to
cross-stream vorticity, £2,/€2,, reflects the angle which the secondary structure makes
with the mean flow. Note that £, also has a contribution from the undulation of the
spanwise vortices, so that £2,/Q, is also a measure of the spanwise vortex distortion
associated with a given amount of streamwise vorticity. The peak cross-stream
vorticity at each measurement station was estimated, and the streamwise evolution of
Q,/L2, is plotted for each case with significant secondary structure in figure 16. In the
undisturbed and serration cases, the developing secondary structure only gradually
begins to kink the mixing layer, resulting in a very high _/€, ratio initially. In the
other three cases, the high level of spanwise distortion imposed by the perturbations
produces a much lower ,/Q, ratio. Further downstream (X > 50cm), 2,/Q,
collapses to approximately the same level of about 0.5 for all cases, suggesting that the
secondary structure is behaving in a similar fashion in all cases, despite differences in
the generation mechanisms and near-field behaviour.

Plots of the mean streamwise circulation per vortex (figure 17) show very different
behaviour for the various cases. The undisturbed case vortex circulation shows a very
slow decrease, with a small intermediate peak at X = 60 cm. Once again, the serration
case behaves similarly. In contrast, the vortex generator case shows a relatively fast
linear decay and by X = 125 cm, its level is comparable to that of the naturally
occurring vortices. In the corrugation case, the circulation at the first two stations is
quite high; it then drops rapidly to a level close to that of the vortex generator case.
This result is surprising, since the peak vorticity of the corrugation case at the first
station is lower than that for the vortex generator case. Evidently, the corrugations
produce relatively diffuse, large-scale streamwise vortices which the mixing layer
cannot support, and these decay rapidly. Thus, the circulation decay in the corrugation
case does not follow the linear decrease observed in the vortex generator case. By
X =~ 100 cm, the circulation levels for the vortex generator and corrugation cases are
comparable to those for the undisturbed case and they continue to decrease further
downstream. The peg case displays features common to the undisturbed and serration
cases on the one hand, and to the vortex generator and corrugation cases on the other.
The strong vortices with relatively high circulation which are initially present quickly
lose strength and an approximately constant level is achieved downstream of X =~
30 cm. The impression is that the imposed vorticity has dropped to a level at which it

3 FLM 257
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FIGURE 18. Streamwise development of vortex spacing. For legend see figure 16.

can be ‘naturally’ supported by the mixing-layer structure. Note the small peak at
X 2 60 cm, similar to the one in the undisturbed and serration cases.

The mean spacing of the streamwise vortices is calculated by dividing the spanwise
extent of the measurement domain by the number of vortices detected at each station.
The vortex spacing in the undisturbed, serration and peg cases increases in a step-wise
fashion, scaling approximately as the mixing-layer vorticity thickness (figure 18). Since
the first increase in spacing at X &~ 50 cm occurs approximately at the same location as
the peak in circulation (figure 17), Bell & Mehta (1992) proposed that at least one
mechanism for the increase in spacing is vortex amalgamation. Previous experimental
investigations have shown that the scale change in the streamwise vortices occurs
during the pairing of the spanwise rollers (Jimenez, Cogollos & Bernal 1985; Bell &
Mehta 1992; Huang & Ho 1990), although a scale change is not observed at every
spanwise vortex pairing location (Bell & Mehta 1992). The simulation results of Rogers
& Moser (1993a) show that the details of the scale change are dependent on the
amplitudes of the initial three-dimensional disturbances. The spacing for the vortex
generator and corrugation cases, on the other hand, is constant within the measurement
domain. This may simply be due to the fact that the injected vortices are of equal
strength and spacing, unlike the naturally occurring structures, and remain that way
so there is no tendency for self-induced motion. An irregular spanwise distribution and
induced motion are necessary for the identified mechanisms (vortex amalgamations
and annihilation) which can lead to a change in the scale, and hence spacing, of the
streamwise vortical structures (Bell & Mehta 1992 ; Rogers & Moser 1993 a). It is worth
noting, that for the maintenance of a constant spanwise spacing, the regularity of the
array will become increasingly important as the initial spacing between the injected
vortices is reduced.

The behaviour of the peg case is interesting in this regard. Despite the injection of
a regular vortex array (figure 4d), the peg case vorticity shows a scale change similar
to the undisturbed case. This is probably related to the spanwise uniformity of the
streamwise vorticity. Note that while the streamwise vortices in the vortex generator
and corrugation cases remain similar in strength across the span as the layer develops,
this is obviously not true in the peg case (figures 4d—f and 74-f). In fact, it was found
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that the vorticity levels in the peg case became non-uniform by the measurement
station at X = 37 cm (Bell & Mehta 19894), immediately before the jump in spacing
occurs (figure 18). The non-uniformity of the vortex strengths leads to cross-stream
movement of the vortices owing to mutual induction, and hence, to a spanwise scale
change as discussed above. The main difference between the peg case and the vortex
generator and corrugation cases is that the initial boundary layers in the peg case were
not tripped, although as discussed above, the high-speed side boundary layer was
probably made transitional through the effects of the pegs. Therefore, complete
transition of the flow occurs in the mixing layer and this is not likely to occur uniformly
across the span. As a result, the anisotropy parameter should also be expected to be
non-uniform across the span and this would result in a non-uniform decay, as
discussed above.

4. Further discussion

One of the most important and interesting results from the present study is the effect
of the perturbations on the mixing-layer growth rate. Most of the growth of a mixing
layer occurs owing to entrainment during the pairing process of the nominally two-
dimensional spanwise vortical structures (Winant & Browand 1974; Sandham et al.
1988). The entrainment is in the form of engulfment of fluid by the large-scale spanwise
vortices as they pair. The naturally occurring streamwise vorticity in the undisturbed
case first appears in the regions of maximum extensional strain, in the braids. The
streamwise and spanwise structures become interlaced in such a way that, in flow-
visualization studies, it appears that the only effect of the streamwise structure on the
spanwise vortices is to produce a regular, gentle undulation in the latter (Lasheras
et al. 1986). Therefore, the entrainment due to the spanwise structures proceeds
undisturbed ; total growth may in fact be enhanced by the additional entrainment in the
braids owing to the secondary structure. However, the relatively strong injected
streamwise vorticity in the vortex generator and corrugation cases must be expected to
affect the coherence of the spanwise structures, based on the gross distortions in the
mean velocity contours (figure 2e, f). It is conceivable that less fluid would be engulfed
if the coherence of the spanwise structures were reduced, thus making them more three-
dimensional. It is also possible that the pairing rate of the spanwise structures is
affected since weaker, less coherent spanwise structures would induce lower velocities
upon each other. Thus, vortex pairing would occur at a slower rate. In fact, in a recent
simulation of a temporally-developing mixing layer originating from turbulent velocity
fields, Moser & Rogers (1992) showed that the spanwise structures do not appear to
pair in the self-similar region. Rather, adjacent spanwise structures exchange vorticity
without the large-scale co-rotation and consequent engulfment of free-stream fiuid,
leading to a reduced growth rate. The spanwise structures in this region were not as
well defined as in laminar and transitional mixing layers (Rogers & Moser 1991) and
their spanwise coherence was also reduced — obviously, these basic differences in the
spanwise structures must also be partly responsible for the difference in growth rates
between the undisturbed and tripped cases. So it is proposed here that the injected
streamwise vorticity reduces entrainment by the spanwise structures, including
engulfment during pairing and perhaps the pairing rate as well. In the near-field,
additional entrainment by the secondary structure more than makes up for this deficit.
However, entrainment due to the streamwise vortices decreases much faster than the
spanwise structure recovery, so the overall entrainment rate is reduced, and hence the
growth rate of the mixing layer drops.

32
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O, XA/6,at XA/, at XA/6, at XA/6, at
Case (cm) X~8cm X~17cm X=78cm X=250cm
Undisturbed 0.056 36 76 348 1116
Tripped 0.081 25 53 241 772
Serration 0.054 37 79 361 1158
Pegs 0.173 12 25 113 361
Vortex generators  0.149 14 29 131 420
Corrugation 0.108 19 39 181 579

TABLE 4. Estimated initial mixing layer momentum thickness and non-dimensionalized
streamwise distances

In terms of the development distance (to self-similarity) of a mixing layer, it has often
been suggested that the appropriate lengthscale is the initial momentum thickness of
the layer (6,). Bradshaw (1966) found that a single-stream mixing layer achieved self-
similarity in a distance equivalent to 10006, for both, a tripped and untripped initial
boundary layer, a result which has often been confirmed since. Ho & Huerre’s (1984)
compilation of peak turbulence level measurements, which included Bradshaw’s results
and two-stream mixing layer (A = 0.7) data of Browand & Latigo (1979), showed that
an asymptotic level was reached at XA/6, ~ 625 (based on XA/A, = 20 in their figure
17). Browand & Troutt (1985) found that their two-stream mixing-layer growth rates
exhibited good collapse beyond XA/6, ~ 400-500 for (untripped) layers with A =
0.41-0.695. However, there is some doubt as to the universality of these correlations
for all two-stream mixing layers, in particular for layers with a relatively low A. For
example, the two-stream mixing layers (A = 0.37) studied by Mehta & Westphal (1986)
appeared to achieve self-similarity in a distance equivalent to XA/8, = 70. On the other
hand, the tripped case (A = 0.25) discussed here achieved it in XA/6, =~ 300, while the
undisturbed case with the same velocity ratio is expected to reach self-similarity beyond
XA/6, ~ 1100, as discussed above in §3.2 and by Bell & Mehta (1990). Apart from
these effects of initial conditions on the development distance, some effect of velocity
ratio is also expected since, as A decreases, the splitter plate wake begins to play an
important, and lasting, role in the mixing-layer development (Mehta 1991). Since there
appears to be a lack of correlation, even for these relatively ‘simple’ two-stream mixing
layers, one would not expect such a scaling to work for the perturbed layers in the
present case, where the structure of the mixing layer is drastically altered.

In the present study, the initial momentum thickness was not measured directly. The
estimated values, based on the assumption that all the mixing layers grow at the same
rate upstream of the first measurement station at X’ &~ 8 cm, are given in table 4. Also
included in the table are the equivalent distances (in terms of A/6,) of the two
representative locations (X = 17 and 78 cm) and those of the first (X = 8 cm) and last
measurement stations (X =~ 250 cm).

The maximum XA/, values for the peg, vortex generator and corrugation cases are
all lower than 1100, beyond which the undisturbed case is expected to achieve full self-
similarity. They are also low compared to that given by Ho & Huerre’s (1984)
correlation, but lie within the band proposed by Browand & Troutt (1985). They are
all higher, however, than XA/6, = 300, the value at which the tripped case becomes
self-similar. It is worth noting that the peg case which has the lowest XA/6,, shows
a faster recovery in the maximum Reynolds stress results compared to the vortex
generator and corrugation cases. So it is quite clear that for the development distance
of two-stream mixing layers, a simple scaling based on the initial momentum thickness
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and velocity ratio is not likely to be very successful, in general. A parameter that
accounts for the initial structure of the mixing layer, in terms of the mean three-
dimensionality perhaps, would have to be included if the mixing layer development
distance is to be predicted accurately.

5. Conclusions

The effects due to four types of added perturbations on the three-dimensional
structure of a plane mixing layer have been investigated. This study arose out of an
attempt to understand the role which the streamwise vortical structure played in the
observed differences in growth rates between mixing layers with laminar and turbulent
initial boundary layers. A second objective was to reliably trigger or inject the
streamwise structure in a mixing layer at relatively high Reynolds numbers so that it
could be more easily studied, especially with regard to mixing-layer control
applications. Previous studies on the effects of perturbations were restricted to the
near-field region of low-Reynolds-number mixing layers.

The present results clearly show that the structure and growth of a turbulent mixing
layer can be effectively controlled by imposing a relatively strong streamwise vortical
structure at the origin. It was expected that vorticity injection would increase mixing-
layer growth owing to extra entrainment for the streamwise structures and this was
indeed observed in the near-field region. However, the far-field growth rate of these
mixing layers is drastically reduced over the cases without vorticity injection and this
is one of the most intriguing results of the present study. It is conjectured that the
injection of relatively strong vorticity at the origin leads to reduced growth in the far
field by breaking up the spanwise structures, making them more three-dimensional and
reducing entrainment during pairing, and perhaps the pairing rate as well. In the near
field, this effect is compensated for by increased entrainment from the streamwise
structures, but this contribution is lost in the far field, where the streamwise structures
have decayed.

In the region of reduced growth, these perturbed mixing layers seem to achieve an
equilibrium state such that the peak Reynolds stress levels are reduced proportionately
to the growth rate. This result is perhaps more important from the fundamental point
of view, since it raises the possibility that mixing layers achieve different asymptotic
states determined by the initial conditions, as suggested by George (1989). However,
the balance of evidence in the present study suggests that these layers are recovering
towards a (universal) self-similar state. The results for the peg case (with weaker
injected vorticity) show some obvious signs of recovery, and the fact that the growth
rate and peak shear stress levels for the corrugation case increase with Re_ suggest that
this case should also recover eventually. However, the distance required for full
recovery is not easily predicted, and it can be relatively long, probably too long for it
to be relevant in most practical applications.

With respect to the second objective, the present study shows that relatively simple
and weak perturbation mechanisms, such as the serration, will not always trigger a
regular array of streamwise vortices, despite the success of this mechanism in low-
Reynolds-number (Re; =~ 300) water-channel experiments (Lasheras & Choi 1988). In
the high-Reynolds-number conditions typically encountered in practical aerodynamics,
the perturbation produced by a serration is likely to decay before reaching the point
where amplification occurs (after the first spanwise vortex roll-up). Strong per-
turbations (compared to those naturally occurring), on the other hand, produce a very
well-defined secondary vortex structure even at the higher Reynolds numbers achieved
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in the present study. The injection of strong vorticity leads to an increased growth rate
and increased mixing capabilities in the near-field region which would be beneficial in
many combustion-type applications.

Both the naturally occurring and artificially imposed streamwise structures behave
similarly in the mixing layer, in that they organize into a single row of equally spaced
structures, whose peak vorticity then follows a log-law-type decay. One significant
difference is noted, however, in that the vorticity injected in the vortex generator and
corrugation cases does not show the spanwise scale change and circulation jump
observed in the other cases. The main reason for the lack of scale change is that the
uniform array of injected streamwise vortices remains uniform, although the peak
mean vorticity decays with downstream distance. In this context, the behaviour of the
peg case is especially interesting. Although a strong (regular) streamwise vortex
structure is imposed in this case, a spanwise scale change is observed, as is nonlinear
growth in the far-field. The nonlinear growth is attributed to forcing of the spanwise
vortex pairings by vortex shedding from the pegs. The spanwise scale change is
attributed to the non-uniform decay of the streamwise vortices owing to non-uniform
transition in the mixing layer. Once the non-uniform array of streamwise vortices is
created, the spanwise scale appears to increase in the same way as for the undisturbed
case (through vortex amalgamation).
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