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ABSTRACT

INFLUENCE OF FORCING ON THE COMPOSITION OF MIXED FLUID
IN A TWO-STREAM SHEAR LAYER

By

Colin Gregor MacKinnon

Experiments are conducted in a non-reacting forced liquid shear layer. The pro-
bability density function (pdf) of mixed-fluid composition is measured using laser
induced fluorescence diagnostics. Results show that the range of compositions of
mixed fluid in forced layers is essentially uniform across the width of the shear layer,
similar to previous results in natural (unforced) shear layers. We also found that forc-
ing leads to an increase in the total amount of mixed fluid (integrated across the layer)
and that the predominant mixed-fluid concentration shifts to larger values. This
increase in the amount of mixing appears to be mostly due to the increased width of
the layer and not so much the result of improved small-scale mixing. In addition, the
details of the forcing waveform shape (frequency content) are observed to have a

significant effect on the structure of the flow and the mixing field.
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Chapter 1

INTRODUCTION

The present work is concerned with a special case of plane shear flows. This
group of flows is mainly composed of 2D wakes, 2D jets and plane shear layers. In
particular, we will be dealing with a homogeneous plane free shear layer. This type of
flow arises when two fluids of different speeds, which are initially separated by a thin
partition (for example, a splitter plate), merge with each other. In our study we have
used water in both streams. Thus the density is the same on both sides of the layer,
although in general this is not the case. The use of the word 'free’ refers to the fact
that the flow is not influenced by the presence of any boundaries beyond the trailing
edge of the partition. A schematic of the ﬂow configuration is shown in Figure 1.

If the Reynolds number is high enough, intense mixing occurs in the region of the
velocity gradient between the streams. For this reason such shear layers are often
called mixing layers. The dramatic increase in the amount of mixing as the Reynolds
number is increased was called the mixing transition by Konrad (1976). This will be

discussed in more detail later in the introduction.

Over the past few decades shear layers have been the subject of a great deal of
attention. Part of the reason for this attention is that shear layers, and, in particular,
turbulent shear layers, appear in a vast number of naturally-occurring ﬁows, flows in
engineering applications and industrial flows. Examples of naturally-occurring shear
layers are abundant. A simple example is that of the wind blowing over the surface of
an ocean, creating surface waves. On the practical side, shear layers occur - amongst
other places - in combustors, chemical lasers and in the separated region of the flow
over an airfoil. A second motivation for the interest in mixing layers is that they are
generally regarded as one of the simplest turbulent shear flows. Consequently, the

effects of velocity ratio, density ratio etc., have been relatively easy to investigate in



the laboratory. Results from the study of shear layers have played an important role in
developing the modern view of turbulent shear flows (see, for example, the review by
Roshko (1976)).

1.1 Background

There have been many significant experimental works related to the present study
in recent years. These studies fall into three main categories which will be discussed in

turn in the following paragraphs.

The Natural Layer

A shear layer which is not subjected to any intentionally imposed disturbances is
called a narural shear layer. Probably the most important discovery in this area was
made by Brown & Roshko (1971, 1974). They initially wanted to study the effect of a
density difference on their gaseous layer. However, they were astonished to find that
the flow was dominated by large coherent structures over a wide range of Reynolds
numbers. Their shadowgraph pictures also showed that a fine mesh of small scale

three-dimensional motions was superposed on the background of the large structures.

At about the same time, Winant & Browand (1974) proposed that the main
mechanism by which the shear layer grows is by the amalgamation of two neighboring
structures into a single larger structure. They called this interaction ’pairing’. In the
natural layer the vortices are irregularly spaced so that when pairings take place, the

growth rate of the layer increases, on the average, in a linear fashion.

The work of Dimotakis & Brown (1976) showed that the large scale motions per-
sisted, in a liquid mixing layer, up to Reynolds numbers of 3 x 105. This Reynolds
number was based on the velocity of the high-speed stream and the distance from the
trailing edge of the splitter plate to the measurement location. They also pointed out
that the dynamics of the shear layer may in fact be governed by a global ’feedback

mechanism’.



The formation and persistence of the organised two-dimensional structures has
been documented in numerous other investigations (for example, Rebollo (1973),
Browand & Weidman (1976), Wygnanski et al. (1979B), Browand & Ho (1983)).
There is, however, a secondary structure present in the flow. Miksad (1972) observed
weak longitudinal vortex structures in his gaseous layer, and concluded that ’once a
secondary vortex structure is established transition to turbulence occurs’. In the works
of Konrad (1976) and Breidenthal (1978, 1981), plan views of their shear layers
revealed streamwise streaks. Breidenthal interpreted these to be pairs of streamwise
vortices of alternating signs. This was confirmed by the (y-z) cross-sectional views of
Bernal (1981). His pictures showed structures composed of pairs of counter-rotating
streamwise vortices superimposed on the spanwise vortices. Lasheras, Cho &
Maxworthy (1986) and Lasheras & Choi (1988) have made recent investigations (using
three-dimesional forcing) into the origins of the streamwise structures. They con-
cluded that perturbations in the spanwise vorticity, subjected to a large straining field
between the primary vortices, are stretched in the axial direction resulting in pairs of
counter-rotating streamwise vortices. Nygaard & Glezer (1991) have studied the
interactions of the spanwise and streamwise vortices and proposed a method by which
these interactions lead to the generation of small scale three-dimensional motions. The
production of small scale motion is generally believed to be the mechanism which
increases mixing in the layer, by means of increased interfacial area (Jimenez,

Martinez-Val & Rebollo (1979)).

Thus, a simplified view of the development of the flow in a turbulent shear layer
is given by the following. It is well known that for a shear layer with laminar boun-
dary layers on the splitter plate, disturbances are amplified immediately downstream of
the plate by Kelvin-Helmholtz instability. These disturbances grow from the plate tip
with a certain natural frequency which is dependent on the velocity ratio and the initial
momentum thickness, 8, of the layer. These instability waves initially grow exponen-

tially until the large spanwise structures have developed. Through the interaction of



these structures with the streamise vortices small-scale motions are produced, which
subsequently leads to enhanced mixing within the layer. Just prior to the establish-
ment of fully rolled-up vortices the flow can satisfactorily be described by linear invis-
cid stability 'thcory (Michalke (1965)). The ensuing interactions of the primary and
secondary vortices resulting in the fine scale three-dimensional motions need further

investigation to enable a more complete understanding.

Mixing

The vast majority of research in shear layers, and shear flows in general, has con-
centrated on the momentum transport properties of the flow. Quantities typically meas-
ured include mean and rms velocities, frequency spectra of the velocity fluctuations,
Reynolds stresses and, more recently, vorticity (Lang (1985), Foss & Haw (1990), Foss
& Wallace (1989), Ballint et al. (1988)). Studies concerned with the actual extent of

the mixing, by contrast, have been far fewer.

Some notable exceptions are the works of Konrad (1976), Breidenthal (1978,
1981) and Koochesfahani (1984, 1986). Konrad used a concentration sampling probe
in a non-reacting gaseous layer to infer the amount of mixing, whereas Breidenthal
used an absorption technique in a chemically reacting liquid layer to deduce the
amount of chemical product. They found that a rapid increase in the amount of mix-
ing (or chemical product) occurred some distance downstream of the splitter piate (or,
equivalently, when the Reynolds number became sufficiently large). The increase in
mixing was attributed to the increase of interfacial area between the two fluids, which,
in turn, was a consequence of the development of small-scale three-dimensional
motions. In Figure 2 a plot is reproduced from Roshko (1990)- which describes the
mixing transition. A measure of the mixedness is plotted against large structure Rey-
nolds number AU 8./v, where AU = U, - U,, v is the kinematic viscosity, and 3, is
the vorticity thickness, given by AU /(QU /9y )pax, Where U is the mean velocity. The
vorticity thickness is approximately ' the ’visual thickness’ of the shear layer.



A recent study by Huang & Ho (1990) has led to the conclusion that the small-
scale motions are initiated by the interaction of merging spanwise vortices with stream-
wise vortices. The computational study of Moser & Rogers (1990) found that 'when
the flow is sufficiently three-dimensional, a pairing can cause the mixing layer to
undergo a transition to small-scale turbulence’. The mixing of a passive scalar was
seen to increase with this small-scale transition. A more detailed account of the

current views regarding the mixing transition may be found in Roshko (1990).

Koochesfahani (1984) introduced the technique of laser-induced fluorescence
(LIF) both as a means to measure the extent of the molecular mixing and for excellent
flow visualization. In his liquid layer, both chemically reacting and non-reacting (pas-
sive scalar mode) experiments were performed. The main results were that, during the
mixing transition, the amount of mixed fluid increased and that, at the same time, the
dominant mixed-fluid concentration changed. It was also found that the range of con-
centrations corresponding to significant mixed-fluid probabilities was essentially fixed
across the entire transverse extent of the layer. Figure 15 shows this feature - the posi-
tion of the 'hump’ with respect to the &-axis remains almost constant as one crosses
the layer in the y direction. This latter feature was also shown in Konrad’s work.

The LIF technique is used in the present study, although in the non-reacting mode.

The Forced Layer

For an excellent review of forced shear layer results the reader is referred to Ho
& Huerre (1984).

Some of the earlier works in (pre-mixing transition) shear layers (Freymuth
(1966), Browand (1966)) were undertaken in an attempt to establish a link between the
instability of the flow and the onset of turbulence. However, the researchers found that
there was a large amount of spatial ’jitter’ in the flow. This was due to the fact that,
in a natural layer, instability waves in a wide range of frequencies are amplified, even

though there is a dominant natural frequency. The different phase-speeds of these
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waves then produced the irregularity which was observed. As a remedy for this situa-
tion, low-level forcing at about the natural frequency was applied to the layers. This
provided a clear phase reference which allowed more stable measurements to be made.
It was .thought that there was no effect on the dynamics of the flow, other than a

decrease in broadband noise.

It later became apparent (Oster & Wygnanski (1982), Ho & Huang (1982),
Zaman & Hussain (1981)) that, in fact, external periodic oscillations at relatively low
amplitudes can significantly affect the growth rate of the shear layer, and that the large

structures can, to some extent, be controlled by them.

The dramatic effect of two-dimensional forcing on the layer growth rate is illus-
trated in Figure 3, which has been reproduced from the thesis of Roberts (1985). A
representative segment for the growth rate of a natural layer has been included at the
right hand side of this plot for comparison. The data for this plot were taken from the
forced layers of Oster & Wygnanski and Ho & Huang and plotted on the same graph
by Browand & Ho (1983). The data of Oster & Wygnanski was obtained from a high
Reynolds number, post-mixing-transition layer, while that of Ho & Huang was pro-
duced mainly in pre-mixing-transition experiments. From this figure it can be seen that,
instead of the linear growth found in natural layers, the forced layer experiences three
different types of growth. Initially the growth rate is enhanced, compared to the natural
case. Then there is a period of little or no growth, and finally the growth apﬁroaches
that of the natural layer.

This plot shows the normalized growth rate as a function of the Wygnanski-Oster
parameter, first introduced in Oster & Wygnanski (1982), and given by,

RxF
Xwo = . (1.1)
wo Uc

This dimensionless parameter encompasses the effects of the ratio,
R =(U,-Uy/(U+U,), to which the post-mixing-transition growth rates are propor-

tional, the forcing frequency, F, and the downstream distance, x. U, is the convection



speed of the vortical structures, given by U, = Y2(U+U,) for a uniform density shear

layer. The growth of the layer is measured by the momentum thickness, 6, given by,

= (U«~U)XU-U>)
0= dy, 12
_[. (U=U? Y (1.2

which, in the plot, has been normalized by U./F.

Oster & Wygnanski found that they could segregate the flow into three main
parts, representing the different response characteristics mentioned above. These

regions of the flow were categorized in the following way :
I Xwo <1 : the growth rate is enhanced by a factor of 2 or more,

II 1<Xyp <2 : the flow forms a periodic array of vortices with passage fre-
quency equal to the forcing frequency; the growth rate is
inhibited in this ’frequency-locked’ region, even reduced to

zero; Reynolds stresses are reversed in sign,
I Xwo > 2 : relaxation to unforced growth rate.

It should be noted, as in Roberts (1985), that, although both post- and pre-mixing
transition data fall quite well onto this plot, it should not be regarded as a ’universal’
curve. In fact, Ho & Huerre (1984) show a similar plot with a great deal more ’scatter’

in the data.

Ho & Huang (1982) showed how they could manipulate the growth rate and con-
trol vortex merging by forcing the layer at a subharmonic of the most-amplified (or
natural) frequency. For example, forcing the layer at the first subharmonic produced
pairing of neighboring vortices and forcing at the second subharmonic yielded ’tri-
pling’. They also found that pairing took place at the downstream location where the
energy of the subharmonic mode of the velocity fluctuation reached its peak. This
illustrated the importance of the development of the subharmonic mode of the shear

layer to the process of vortex merging.



The forced studies cited above have all been concerned with the effects of two-
dimensional forcing on various aspects of the shear layer. However, three-dimensional
forcing is becoming a most useful tool in trying to understand the complexities of this
flow. Breidenthal (1980) was one of the first to perform such a study on shear layers
and wakes, and currently Lasheras, Cho & Maxworthy (1986), Lasheras & Choi
(1988) and Nygaard & Glezer (1991), among others, are making advances with this

approach.

1.2 Objective

In all of these forced layer studies, with the exception of Roberts (1985), there
has been no emphasis on the actual mixing. The purpose of the present work is to
attempt to shed some light on this topic by answering the question : how does two-

dimensional forcing affect the actual species mixing in a shear layer ?°.

To the best of the author’s knowledge the work of Roberts is the only experimen-
tal investigation giving information about the extent of the mixing in a two-
dimensionally forced shear layer. Roberts made product concentration measurements
in a reacting shear layer, using an absoption technique. His main findings were that, at
high Reynolds numbers, external forcing reduced the amount of reaction product and
that, at low Reynolds numbers, the amount of product increased, although there is
some uncertainty in the latter result. The present study may be viewed as a: further
investigation of this problem. There are, however, two main differences between these
works. Firstly, Roberts used a chemically reacting shear layer, while we have used a
non-reacting layer. Secondly, Roberts obtained product concentration measurements
integrated through the layer, due to the nature of his absorption technique, whereas the
present method provides (passive scalar) concentration information at any point across

the layer.



Chapter 2

EXPERIMENTAL FACILITY AND INSTRUMENTATION

The data for this study were acquired during a single set of experiments, one
experiment for each of five forcing conditions. In this chapter the equipment used and

the data acquisition and reduction processes are described.

2.1 Shear Layer Facility

The experiments were performed in a gravity driven liquid shear layer apparatus,
a schematic of which is shown in Figure 4. The majority of the facility was fabricated
in house by Mr. R. Schrader. The working fluid in both streams was water.

Water was pumped from each of the two independent reservoirs up to the over-
head tanks, where, in each, a constant head was maintained by making use of an
overflow chamber. In addition, a constant head was maintained at the outlet of the test
section. These measures minimized fluctuations of the free-stream speeds which may
have arisen as a result of time dependent boundary conditions at the inflow and
outflow. The flow rates were controlled by three. valves, one in each supply line

upstream of the test section, and one downstream of the test section.

During the filling process, in preparation for an experiment, care was taken to
expel as much air as possible from the contraction and flow management sections,
since it was observed during some preliminary runs that the periodic surging of air

bubbles could significantly affect the rms velocity levels in the layer.

The test section had a cross-section of 4 cm (height) x 8 cm (span) and was 35

cm long. The upper stream was arbitrarily chosen to be the high speed stream.

All of the statistical results in this study were obtained using free-stream speeds
of U, =40 cm/s and U, = 20 cm/s. This gave a velocity ratio of r = U,/U, = 0.5. At
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these speeds, the Kelvin-Helmholtz instability produced a natural roll-up frequency of
about 27 Hz. This figure was estimated by extrapolating from the data of a sequence
of natural frequencies calculated from runs at lower speeds. The natural frequencies
were obtained by counting the peaks in the velocity signatures from laser-Doppler

measurements made just downstream of the trailing edge of the splitter plate.

2.2 Forcing Mechanism

Velocity perturbations have been introduced into shear layers, in the past, by
many different techniques. For example, Oster & Wygnanski (1982) attached an oscil-
lating flap at the trailing edge of the splitter plate. Ho & Huang (1982) used rotating
valves in the test section supply lines. Acoustic excitation through loudspeakers has
also been used frequently. In the present case, forcing was applied by means of an
oscillating bellows operating in the high speed supply line, near the entrance to the
contraction. A schematic of the bellows mechanism is shown in Figure 5. The motion
was controlled by a magnetic coil vibrator and amplifier system (VTS 50), the input to
which was supplied by a function generator (HP3314A).

The experimental runs conducted for this study were different from each other
only with respect to the parameters of the forcing waveform used. In one case there
was no forcing, i.e. the natural shear layer resulted. For the next two cases sinusoidal
forcing of frequencies 4 Hz and 8 Hz, respectively, was used. To investiéatc the
effects of non-sinusoidal forcing, the symmetry, S, of the 4 Hz waveform was varied

which provided skewed sine wave motions.

The symmetry of a waveform, as far as our experiments are concerned, is the per-
centage of one period of the motion that the bellows spends moving downwards. Fig-
ure 6 illustrates the effect of varying the symmetry of a sine wave. A sine wave
spends the same amount of time increasing as it does decreasing and therefore has a
symmetry value of S = 50%. A symmetry value S = 70% indicates that the bellows
spends 70% of its period moving downwards. In this case, the bellows moves down
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slowly and goes up quickly. Perhaps a better way to view this is that the free-stream
speed increases slowly and decreases quickly. The non-sinusoidal waveforms used had

4 cycles per second and symmetry values of S = 30% and S = 70%, respectively.

It is important to note that a symmetry value other than 50% indicates that the
waveform has more than one frequency component. This fact will be used in Chapter

3 in an attempt to explain an interesting observation.

2.3 Diagnostics
Quantitative concentration information was obtained using the technique of laser

induced fluorescence (LIF). A brief description of this method is given below; for a

complete account the reader is referred to Koochesfahani & Dimotakis (1985).

For this technique it is necessary that one of the free-streams carries a fluorescent
dye. In our case, the low-speed stream was prepared by adding a solution of disodium
fluorescein dye and the high-speed stream was pure water. The dye solution was
thoroughly premixed with the water in the low-speed reservoir to a concentration of
approximately 5 x 10~ M (molar concentration). This initial concentration, Cq, »
becomes diluted as the pure fluid from the high-speed stream mixes with the low-speed

stream in the shear layer.
The local instantaneous concentration of the dye, C,, in a sampling volume is
given by

0,

C, =C
d do'l)1+1)2’

2.1)

where v; is the volume of high speed fluid and v, is the volume of low speed fluid

within the sampling volume. A normalized concentration, &, can then be defined as
E=1-Cy/Cyy 2.2)

which is simply the high-speed fluid volume fraction, v;/(v; + v;). Note that values
of £ =0 and § = 1 correspond to pure low-speed fluid and pure high-speed fluid,
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respectively. Values of concentration in the range 0 < § < 1 indicate mixed fluid.

The shear layer concentration data were acquired over a downstream region 15
cm <x £ 25 cm. The Reynolds number in the nﬁddle of this range was about
Reg, = 6600. This Reynolds number was based on the layer width, 8;, (see appendix)
and the velocity difference, AU = U, — U,. This corresponds to a shear layer in the
latterA stages of the mixing transition (Breidenthal (1981)). We note that we would
have preferred to realize a higher Reynolds number. Unfortunately, we were limited by
the flow speeds available and the dimensions of the test-section. In fact, Figure 12
shows that the growth of the structures could be inhibited by the width of the test-
section. This prevented us from moving to an imaging location further downstream

where we would have achieved a higher Reynolds number.

The beam from a 4 watt argon-ion laser (Excel 3000) was focused through a con-
verging lens and then passed through a cylindrical lens to produce a thin (about 1 mm
in thickness) laser sheet. This sheet was aligned vertically with the transverse direc-
tion and horizontally with the streamwise direction at the midspan position of the test

section. Figure 7 shows a schematic of this set-up.

The fluorescence intensity resulting in the shear layer was proportional to the
local dye concentration and to the local laser intensity. These intensities were then
recorded by a 2-D CCD video camera (NEC TI-24A), which was operating at 60
fields/s with an exposure time of 2 msec. This camera contains a 2-D array of 512 x
480 "pixels" which converted the incoming light intensities to voltages. In our experi-
ments, the 4 cm width of the test section was imaged onto 200 pixels which resulted
in a spatial resolution of 200 pum x 200 um. The 512 horizontal pixels then enabled

measurements over a 10 cm streamwise range.

The signal from the camera was, in turn, digitized to 8 bits and stored on hard
disk in real time by a digital image acquisition system (Trapix 5500). Typically, 256
sequential images (64 MBytes of data) were acquired for each run. This volume of

data was considered sufficient for the present purpose. The 2-D images allowed the
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development of the concentration field to be monitored in two dimensions. For the 4
Hz cases the data corresponded to the passage of about 34 large structures and to

about 68 structures for the 8 Hz case.

The LIF technique has an important limitation when used in the passive scalar
mode (Koochesfahani (1984)). This technique always overestimates the amount of
mixed fluid (i.e. it provides an upper bound to the actual molecular mixing). The
difficulty arises when the sampling volume of the measurement apparatus is larger than
the smallest mixing scales, as is usually the case. It is then impossible to determine,
within the resolution of the measuring device, whether or not two fluids are mixed. In
the present study the camera recorded the region of the flow between 15 cm < x < 25
cm. In the middle of this region (i.e. at x = 20 cm), the local natural shear layer width,
3, (see Appendix), was estimated to be about 3.3 cm, resulting in a local Reynolds
number of 6600. Miller & Dimotakis (1991) have recently found results which indicate
that the smallest expected scalar diffusion scale, Ap, is very similar to the Kolmogorov

3

scale, Ag, in water. Using the Kolmogorov scale, taken as Ay = 5;Re ', to estimate
the smallest diffusion scale results in Ap = 45 um (at x = 20 cm). This is about 4.4
times smaller than the present 200 um spatial resolution scale. Consequently, when
mixing results are discussed in this work, what is implied is mixing on a scale com-
mensurate with or larger than 200 um. In spite this, it is felt that the changes found in
the pdfs of the forced cases compared to the natural case reflect genuine trends, since
the relative resolution (compared to the diffusion scale) is essentially the same in all of

our measurements.

2.4 Data Reduction

The use of the LIF technique requires that the raw images be pre-processed

before use by a histogram program. This process will now be described.
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The laser sheet does not provide a uniform intensity. This is due to the Gaussian
nature of the laser beam intensity distribution, the imaging optics and also the attenua-
tion of the laser intensity due to absorption of energy by the dye molecules. This
results in flow images which are deficient on two counts. Firstly the left and right
edges have artificially low intensities. Secondly, two pixels corresponding to locations
where the dye concentration is the same, one near the top of the test-section and one
near the bottom, will have different intensities. A third feature of the system is that
the individual camera pixels may have different response characteristics. We note that
attenuation effects in the present experiments were negligible. The other discrepancies

were all corrected by a simple method.

Immediately prior to the experimental runs, the test-section was completely filled
with the dye solution from the low-speed freestream. This provided a reference or
background intensity distribution which was recorded. The effects of the non-uniform
laser sheet intensity were removed using the following calculation at each pixel :

Lo (i.J) = t‘:(ll)—ﬁ i=1,512, j=1,200, 23)
where I(i,j) is the measured fluorescence intensity from the pixel in the i”* column
and j* row, Tpackg (i,j) is the background intensity and /., (i,j) is the corrected
intensity.

The actual concentration values (suppressing indices) were then obtained using

E=1-1,, /1y, 24)

where I is the (corrected) intensity from the dye stream. Note that this is the same as
equation (2.2), where we have used the fact that the fluorescence intensity is propor-

tional to the local dye concentration and the local laser intensity.

The processed images were then passed to a histogram routine to create the vari-

ous probability density functions.
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Chapter 3

EXPERIMENTAL RESULTS

In this chapter qualitative visual and quantitative statistical results from the forced

shear layer experiments are presented and discussed.

Preliminary runs were made to establish the quality of the flow near the entrance
region to the test-section. Laser-Doppler measurements were taken of the streamwise
velocity component at a location about x = 1 cm downstream from the splitter plate
tip. Mean and rms velocity profiles from a typical run are displayed in Figure 8. The
speeds used for this run were U, = 144 cm/s and U, = 8.4 cm/s. From the mean
velocity profile in this figure it is apparent that each of the free-streams has a good
degree of uniformity. Also shown is the typical "wake component” due to the boun-
dary layers on either side of the splitter plate. This component evolves smoothly into
the familiar "tanh’ profile with a sufﬁcieni downstream distance. The rms amplitude of
the high-speed free-stream is about 0.6%. The double peak in the rms profile is also a
result of the wake from the splitter plate. This feature, too, is smoothed out with
downstream distance when it becomes a single broad peak with a large amplitude, sig-

nifying large velocity fluctuations in the middle of the layer.

Further runs were made to irivestigate the mean and rms velocities, at the same
x-location, for the cases of the shear layer forced at frequencies of 1 Hz and 2 Hz.
The results are shown in Figure 9. The natural frequency of this layer at the splitter
plate tip was about 7 Hz. It was found that the mean velocity profiles for the forced
cases deviated only slightly from the unforced profile even though the perturbation lev-
els imposed on the flow were very high - the high speed free-stream peak-to-peak per-
turbation was about 14% of the mean speed. In fact, there are very few studies at such
high forcing levels; however, this was the means of producing the ’collective interac-

tion’ process in the work of Ho & Huang (1982). The corresponding rms profiles, by
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contrast, showed very significant increases in velocity fluctuation compared to the

unforced case.

All of the results discussed hereafter were obtained from experiments conducted
with free-stream speeds U, = 40 cm/s and U, = 20 cm/s, giving a velocity ratio of
r =U,/Uy=0.5. The rms fluctuation imposed on the high-speed freestream was
estimated to be less than 0.5%.

3.1 Visualization Results

Representative segments from sequences of 2D digital LIF images for each of the
natural and forced cases are shown in Figures 10 - 13. Within each image the flow is
from right to left and the high speed flow is on the top. Time is increasing downwards
in each sequence. The content of each image is the concentration field of the mixing
layer extending over the downstream region 15 cm < x < 25 cm. The time between
consecutive 'photographs’ in each sequence is 1/15 second (a data rate of 60 fields per
second is available from the camera). For the purposes of statistical analysis, a
sequénce typically consisting of 512 fields was acquired during each experiment. This
corresponds to a total number of 34 structures in the 4 Hz case and 68 in the 8 Hz

case.

The most readily observed feature is that noted previously by many experimenters
- the forced layers show enhanced growth rates compared to the natural shear layer. In
particular the 4 Hz, S = 70% case shows the largest increase in growth which we have
observed so far. In fact, it is clear that the growth in this case is inhibited by the
width of the test-section. By contrast, the 4 Hz, S = 30% case shows very little growth
compared to the natural, and, indeed, resembles the natural layer to a surprising
degree. This interesting observation will be addressed again later in the chapter. The
pairing process, whereby two structures amalgamate into a single larger structure is
also evident in these figures. The regions of the flow categorized by Oster & Wygnan-
ski (1982) are also evident. Specifically, the 4 Hz cases (Xy, = 0.9) are in region I,
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characterized by pairing and enhanced growth rates. The 8 Hz case (Xy, = 1.8) is in
the ’frequency-locked’ state of region II. This case illustrates that the naturally most
amplified frequency at this location is about 8 Hz.

In Figures 10 - 13 the concentration field is highlighted using various shades of
grey, the general rule being ’darker greys mean higher concentrations of high speed
fluid’. The range of & highlighted is 0.46 < & < 0.94 . Concentration levels outside of
this range were present only in very small quantities and are therefore not labelled.

The assignment of grey shades was linear.

The first observation that can be made is that, with the exception of the case F =
4 Hz & S = 30%, there is more mixing taking place in the forced layers than in the
natural layer. This is apparent from the wider extent of grey shades seen within the
structures of the forced cases. On closer inspection of these images it can be seen that
the lighter greys which are prcdominanf in the natural layer give way, in varying
degrees, to darker greys in the forced cases. In other words, the predominant concen-
tration shifts from rclétively low values in the natural case to higher values for the
forced cases. In fact, it will be shown by the data in the next section that this concen-
tration increases progressively for each case in the following order : 8 Hz, 4 Hz, 4 Hz
& § = 70%. A more dramatic display of the effects of forcing on the concentration
field is shown in Figure 14. The image sequences shown are actually the same as in
Figure 12 - namely the natural and 4 Hz, S = 70% cases - but they have a different
grey shade assignment. The only concentrations that are highlighted are in the range
0.76 < & < 0.94 and they are assigned to black. This emphasizes the shift in the
predominant concentration to higher values for the forced case. These are the first
indications that the mixing layer concentration field can be modified by external forc-
ing.

From Figures 10 and 11 we can see that single-frequency forcing has a significant
influence on the layer. A more surprising result is illustrated between Figures 12 and
13 - the cases of 4 Hz, S = 70% and 4 Hz, S = 30% respectively. The 70% case
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shows a much larger growth and indicates substantially more mixing. The forcing
waveforms in these cases are composed of more than one frequency. From these we
conclude that it is not merely the frequency of the forcing which affects the mixing but
also the shape (or frequency content) of the forcing waveform. It may be argued that

this effect is in fact the more dominant of the two.

All of the above observations are confirmed, in section 3.2, from a statistical view
point, using the probability density function of the normalized concentration field for

each of the cases.

3.2 Statistical Results

The focus of attention in this section is the probability density function of the
high-speed fluid concentration, & The pdf of &, at a given y-location, is denoted by
p(E.y) and it represents the fraction of time that (t) falls within a certain range of
concentration values, (€,§ + AE) for small AE. This pdf is the basis for the definition
of several other quantities of interest. The mathematical definitions of these quantities
are givén in the Appendix. The purpose of this section is to describe and interpret the

results revealed by these quantities.

A typical pdf p(§,y) exhibits two ’delta’ functions at £ =0 and § = 1. These
correspond to pure low and high speed fluid, respectively. In practice, these delta func-
tions have a finite width, €, dictated by the overall signal-to-noise ratio of the measure-
ment. A value of § in the range € < § < 1-¢ corresponds to mixed fluid. Pure low-
speed fluid corresponds to the range 0 < & < € and the range 1-€ < § < 1 identifies
pure high-speed fluid.

By collecting the information from pdfs at various y-locations across the width of
the test-section we can construct contour plots of the concentration distributions for
each of the forcing cases. Figure 15 shows the contour plot for the natural shear layer.
The numerical values on the contours in this plot (and likewise for the forced cases)

have been raised by a factor of 100 for simplicity. This plot displays the important
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result, documented previously by Koochesfahani (1984) for liquids in a natural layer,
that the distribution of mixed-fluid concentration values is essentially uniform in the

transverse direction of the layer.

When the layer is forced this uniformity is preserved, as can be seen from Figures
16 - 19. In fact, these plots lead us to the conclusion that the concentration distribution
is ’even more’ uniform upon external forcing. This may be expected from the follow-
ing qualitative argument : since the larger vortices, created by forcing the layer, can
redistribute and mix fluid from one side of the layer to the other more efficiently than

in the natural layer, a more even distribution is achieved.

This property of shear layers allows us to integrate p(§,y) in the y-direction to
obtain an averaged pdf, denoted by P (§). In this way a single pdf can represent the

composition field of the whole layer.

Averaged pdf plots are shown in Figures 20 - 22. Figure 20 compares the natural
case with the two sinusoidally forced cases (F = 4 and 8 Hz, S = 50%). Figure 21
compares the natural case with two of the 4 Hz cases, one forced sinusoidally and the
other non-sinusoidally (F =4 Hz, S = 50% and 70%). From these figures we can see

two important features.

Firstly, when forcing is applied, the predominant concéntration in each of the
averaged pdfs shifts to larger values i.e. the peak concentration shifts to concentrations
with more high-speed fluid per unit volume. Apparently, forcing the layer causes the
entrainment ratio (as defined by Dimotakis (1986)) into the layer, which is already
asymmetric in favor of the high-speed side (Koochesfahani (1984)), to be further
biased towards the high-speed side. The mechanisms at work here are not clearly
understood. However, some insight may be provided by the following argument sug-
gested by Dr. M. Koochesfahani. The entrainment model proposed by Dimotakis for a
natural shear layer gives the entrainment ratio, E, as £ =1 + 3.99,/x, where §, is the
vorticity thickness, a measure of the growth of the shear layer. Therefore an increase

in the growth of the layer could lead to an increase in the entrainment ratio. It
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remains to be shown whether or not such a relationship holds for forced layers, how-

ever, the trend indicated by this relation is in qualitative agreement with our findings.

The second observation is a qualitative one, for which measurements will be
presented later. If the pdfs are visually inspected it is fairly easy to conclude that the
total amount of mixed fluid (which is proportional to the area under each P () curve

excluding the pure-stream delta functions) increases when the layer is forced.

The above trends are valid for each of the forced cases except in the case when
the symmetry parameter is S = 30%. A comparison of this case with that of the
natural layer is shown in Figure 22. This figure depicts the result that the two pdfs are
almost identical.

An important quantity in our study is the mixed-fluid probability, p,,. This is
obtained by integrating p (§,y) with respect to &, excluding the delta functions. Thus
Pm(y) represents the total probability of finding mixed fluid of any concentration, at a

given y value.

Since we have concentration information at a large number of pixel locations
across the width of the layer, it is relatively easy to construct the p,, (y) profiles. Fig-
ure 23 displays such profiles. It is important to note that the amount of mixed fluid in
the middle of the layer is actually reduced upon external forcing. The area below
these curves is used as our measure of the total amount of mixed fluid. This quantity is
denoted by §,,, and is called the mixed-fluid thickness. The use of the word "thick-

ness" stems from the fact that §,, has dimension of length.

As a measure of the local shear layer width we have used 8;, which is the 1%
width of the p,(y) profile i.e. the distance over which the bell-shaped p,,(y) has
dropped to 1% of its maximum value. A common measure of the shear layer width is
the ’visual’ thickness, d,;,. It has been shown (Koochesfahani (1984)) that this is

essentially equivalent to ;.
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The following table presents §,, J,,, and the ratio between these two quantities,
which gives a measure of the average amount of mixed fluid per unit width of the

shear layer.

Table 1. Comparison of mixed fluid thicknesses.
&1(mm) 8, (mm) 3, /8,

Natural 333 16.1 0.48
F=4 Hz, S=30% 347 17.1 0.49
F=8 Hz, S=50% 37.5 19.3 0.51
F=4 Hz, S=50% 40.5 18.3 0.45
F=4 Hz, S=70% 45.7 19.7 0.43

Note the enhanced growth rates implied by the increase in §,.

The mixed-fluid thickness values show that forcing has increased the total amount
of mixed fluid by as much as 22% compared to the natural case. However,
the amount of mixed fluid per unit width has remained essentially constant. This sug-
gests that the increase in the amount of mixed fluid is not so much the result of
enhanced small-scale mixing (i.e. scales larger than 200 um) but, more simply, is due
to mixing taking place over a larger width of the test-section. We also note the
difference in §,, for the 4 Hz forcing cases. This confirms what we saw in the P (§)
plots - namely that the amount of mixed fluid is dependent on the shape of the forcing

waveform.

There are several other quantities of interest which can be derived from the pdf
p(E.y) (see Appendix). The total‘probability of finding pure low-speed fluid, at a
given y-location in the layer, is denoted by po(y). This profile is obtained by integrat-
ing p(&y) over the interval 0 <& <e. If we instead integrate over the range
1-e < & < 1, we obtain p(y), which is the total probability of finding pure high-speed

fluid at a given y-location. These profiles are shown in Figures 24 and 25,
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respectively. These profiles illustrate the extent to which the pure fluids are tran-
sported to their ’opposite’ sides of the layer and throughout the layer in general. A
noteworthy point is the somewhat ’step-like’ region in some of these profiles. The
’steps’ on the p(y) curves appear to have higher probabilities associated with them
compared those on the p,(y) curves. As pointed out by Koochesfahani & Dimotakis
(1986) for the natural layer, this may be a legacy from the initial excess of high-speed
fluid in the structures at the time of roll-up. These plots also show that there is more
pure fluid (from both streams) in the middle of the layer when forcing is applied. This
is probably due to the larger entrainment ’tongues’ between the structures seen in the
flow images of the forced cases in agreement with the observation that there is less
mixed fluid in the middle of the forced layers. The average high-speed fluid concen-
tration, E(y), is shown in Figure 26. The profiles for the forced conditions develop a
"flat" region similar to that observed by Wygnanski et al. (1979A), who attributed this

feature to an orderly array of vortices with fairly well mixed cores.

3.3 Comparison with Roberts’ Results

To the best of the author’s knowledge there is only one other experimental work
giving information about the extent of mixing in a forced shear layer - namely the
Ph.D. thesis of Roberts (1985). The present results are now compared with those of
Roberts. | .

Roberts conducted his experiments in a chemically reacting liquid shear layer.
The amount of mixing was manifested in a quantity called the product thickness
defined as,

h
1
8y, = o Ih 55 )dy, 3.0)

where h is the test-section half-width and C;(y) is the average product concentration

given by,
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1-¢

&) =Cy, j (1-€)p&.y)dt, (3.2)

and C,, is the low-speed freestream reactant concentration.

Roberts plotted his results as (3,,)r/(3,,)v versus Xy (introduced on page 6),
where the subscripts refer to the forced and natural cases, respectively. Such plots
have been reproduced in Figures 27 and 28, the former being the results from a high
Re, post-transitional layer and the latter from a low Re, pre-transitional layer. The unit
Reynolds number, based on the velocity difference, for each case was 4340 cm ~! and
905 cm 1, respectively. In the present study this value is 2000 cm ~!, which is a fac-
tor of two higher than Roberts’ low Re case, but a factor of two lower than his high
Re case. In our study, the layer width was §; = 33 mm at the measurement location
(x =20 cm) . The Reynolds number based on this width was 6600. According to
Breidenthal (1981) this corresponds to a shear layer in the latter stages of transition.

This must be kept in mind when comparing the results of the two studies.

In the present case, 8p , is computed from the pdfs as shown in the Appendix. Of

course, the measurements were made using the non-reacting LIF technique which, as
has already been discussed, overestimates the amount of product. However, we are
interested in the relative changes in the mixing of the forced layer compared to the

natural layer. In this context, it is felt that the comparisons are valid.

The following table summarizes the results of these computations from our data.

Table 2. Comparison of product thicknesses estimated from current data.

Xwo 8,(mm) 8p,(mm) (8, )r/(8y )N
Natural - 33.3 6.24 -
F=4 Hz, S=50% 0.9 40.5 7.33 1.17

F=8 Hz, S=50% 1.8 37.5 7.44 1.19
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The last column shows the ratio of the amount of product in the forced case to that of

the natural case.

As shown in Figure 27, Roberts found that in a high Re shear layer the effect of

forcing was to increase the amount of product (8,, ) in region I, where the layer ini-

tially shows enhanced growth, and to decrease the amount of product thereafter, com-
pared to the natural case. In the low Re case (Figure 28), it is not clear what can be
concluded in region I, where there is a lot of scatter in his data. Beyond region I he

found a consistent increase in the amount of product.

The present measurements indicate that the amount of product increases in all of
the forcing cases, regardless of the region in which Xy, falls. We note that the
discrepancy between the results of the two studies may be Reynolds number related,
since this parameter has a strong effect on the production of three-dimensional small

scales and the establishment of the mixing transition.

3.4 Effect of the Forcing Waveform Phase Difference

The case of F = 4 Hz and S = 30% is a curious one. For the large majority of
the images within the full data sequence it was often difficult to distinguish this case
from that of the natural layer. There are clearly identifiable large structures within the
flow, reminiscent of a forced layer, but the ‘randomness’ which is characteristic of the
natural layer is also certainly present. Earlier in this section it was seen that the cases
of the natural layer and the S = 30% layer exhibit strikingly similar featues (flow visu-
alization figures 10 & 13 and figures 15 & 19 and 22 - 25). Also, the actual values of
the extent of mixing in these two cases is found to be very similar (Table 1). A possi-
ble explanation for the large difference in the results for the S = 70% and 30% cases

is the following.

When each of these waveforms was analyzed for frequency content it was found
that there were three main components in each. The approximate form of the forcing

disturbance was
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F(t) = Asin(wt) + A,sin(2wt — ¢,) + Azsin(3we), (3.3)

where @ = 4, A,/A; = 0.25 and A;/A, = 0.08. The only difference between the
waveforms for the S = 30% and 70% cases was that the phase difference, ¢,, was
changed. For the S = 70% case the phase difference was © and for the S = 30% case
it was 0. Recall that the natural frequency of the layer at this downstream location
(about x = 20 cm) is close to 8 Hz, The first subharmonic frequency is then about 4
Hz, which is the same as the forcing frequency used. Hajj, Miksad & Powers (1991),
working in a transitioning gaseous layer, found that the subharmonic mode generation
was significantly altered when they changed their forcing phase difference from n/2 to
3m/2. A numerical simulation by Riley & Metcalfe (1980)) showed pairing for a phase
difference of 0 and a "shredding" action, where pairing was suppressed for a phase
difference of ®. What appears to be happening in the present case is that the impor-
tant development of the subharmonic of the layer natural frequency is either being
enhanced greatly (70% case) or very slightly (30% case), compared with the natural
layer, with the only controlling parameter being the phase difference of the external
waveform. Note that the results of Hajj et al. and Riley & Metcalfe were obtained
working just downstream of the splitter plate tip. We now find that similar results

may hold for the turbulent mixing layer farther downstream.

3.5 Future Work

The present work will be extended to include experiments with chemically react-
ing components. This will eliminate the problem of over-estimating the actual amount
of m1xmg from which the passive scalar technique suffers. The effects of multi-
frequency forcing will be investigated further. In addition, the effects of three-
dimensional forcing on the mixing will be studied. A new facility is currently being
designed which has a longer test-section and larger cross-section. This will enable

higher Reynolds numbers to be achieved.
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CONCLUSIONS

The conclusions from the present study are as follows.

Forcing changes both the amount and composition of the mixed fluid. Upon forc-
ing, the predominant (i.e. most probable) mixed-fluid concentration shifts to
higher values. This implies that a higher entrainment asymmetry has been
achieved. The total amount of mixed fluid increases in all of our forced cases

compared to the natural layer.

The details of the forcing waveform shape have a significant effect on the struc-
ture of the flow and on the mixing field. In particular, the phase difference
between the fundamental and subharmonic forcing modes appears to have a
strong influence on the flow even at some distance downstream of the splitter

plate.

The range of concentrations of mixed fluid with significant probabilities is essen-
tially uniform across the entire transverse extent of the layer. This is in agreement

with the findings of Koochesfahani (1984) for an unforced layer.

Although the total amount of mixed fluid increased when forcing was applied, the
amount of mixing per unit width of the layer remained nearly constant. If the
mixing efficiency is defined as the fraction of the layer filled with mixed fluid, we
infer that the mixing efficiency has not been improved, at scales larger than the

current measurement resolution of 200um.
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APPENDIX

In Chapter 3 many statistical quantities were introduced mainly in words. This
appendix serves merely to provide the mathematical description of these quantities and

to show how they are related to the pdf of &, the high-speed fluid volume fraction.
The pdf of &, at a given y location, is denoted by p (€,y). By definition of a pdf,

1
gp(a,y)dé= 1.

The average high-speed fluid concentration is then given by

1
Ey) = g EpE.y)dE.

A characteristic of these pdfs is that, in the ideal case, they possess two ’delta’ func-
tions - one at £ = O representing pure (unmixed) low-speed fluid, and one at § = 1,
indicating pure high-speed fluid. Of course, in practice, a finite width, €, is associated
with these delta functions. The value of € is dictated by the overall signal-to-noise
ratio in the measurement and, in the present case, was about 0.047. Thus, concentra-
tions in the range 0 < € < € are treated as pure low-speed fluid, whereas the range
1-€ < € < 1 corresponds to pure high-speed fluid. Mixed fluid is then indicatcci by the
range € S § < 1-€.

We can then define the probabilities py and p; of finding pure low- and high-
speed fluid, respectively, as

€ 1
Po()‘)=£17(§.)’)d§ , P1y) = ljp@y)d&.
—e

One of the most important quantities in the present work is the probability of

finding mixed fluid (at any concentration). This quantity is found by integrating
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p (€,y) over the range of mixed fluid concentrations, i.e.

1€

Pn0) = [PEY)dE.
€

We constructed each p,, curve in the following way. Pdfs p (§,y) were obtained at 11
y-locations across the layer. These were integrated over the range € < £ < 1-¢ yielding
11 values of the p,,(y) curve. These data points were then fitted with an exponential
curve. [Note that a value of p, which is less than unity indicates the presence of
unmixed fluid.]

The reference location y = 0 in this study in this study was arbitrarily chosen to
coincide with the point at which p,, became a maximum. The curve p,, also served to
define our reference thickness &;, which is known to be within 5% of the layer visual
thickness (Koochesfahani & Dimotakis (1986)). The thickness, Slv was defined to be
the 1% width of the p,, profile i.e. the width over which p,, had dropped to 1% of its

maximum value.

One of the most important properties of p(§,y) is that the distribution of its
mixed-fluid part (i.e. excluding the delta functions) has a similar shape for all the y
locations across the width of the layer. This allows the layer to be characterized by a

single pdf, namely the averaged pdf :

h
PO =o-[pEy)dy,
“h

where A is the half-width of the test-section. The total amount of mixed fluid across
the layer is given by the mixed fluid thickness, §,,, defined by

h 1-¢

h
8m = Ihp,,.(y)dy =I,. [pEy)dEay,
- -h €

which is the area under the mixed fluid probability curve.
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In chemically reacting shear layers, the product thickness is often used as a meas-
ure of the extent of mixing. For fast chemical reactions, in the limit of large and small
stoichiometric mixture fractions (Koochesfahani & Dimotakis (1986)), two product
thicknesses are defined as

h 1-€ h 1-¢

8,, = jh [&pGyIaEay , B, = jh [ 4-®)pE&y)dEay.
-n € -h €
By simply adding these the two quantities we get back the mixed fluid thickness,
Om =8, + 3,

We note that Roberts (1985) used the product thickness 8,, for his results.
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Figure 10. Digital LIF image time sequence of the mixing field for the natural layer.
Flow is from right to left and top to bottom (Az = 1/15 sec).
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Figure 11. Mixing field for sinusoidal forcing F = 4 Hz (left) and F = 8 Hz cases.
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Figure 12. Mixing field for non-sinusoidal forcing at F = 4 Hz, S = 70% (right) com-
pared with the natural case.
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Figure 13. Mixing field for non-sinusoidal forcing at F = 4 Hz, S = 30% (not con-
tinuous sequences).
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Figure 14. Amount of high concentration mixed fluid (0.76 < § < 0.94) for the non-
sinusoidal F = 4 Hz, S = 70% case (right) compared with the natural case.
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Figure 15. Contour plot of the composition distribution p (§,y) at x =20 cm for the
natural case.



- 49 -

34.0

26.0
1

y (mm)
18.0

10.0

0.25 0.50 0.75

Figure 16. Composition distribution for sinusoidal forcing at F = 4 Hz.
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Figure 17. Composition distribution for sinusoidal forcing at F = 8 Hz.
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Figure 18. Composition distribution for non-sinusoidal forcing at F = 4 Hz, § = 70%.
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Figure 19. Corhposition distribution for non-sinusoidal forcing at F = 4 Hz, § = 30%.
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Figure 20. Effect of sinusoidal forcing on the averaged pdf concentration field, P (€).
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Figure 21. Effect of non-sinusoidal forcing at F = 4 Hz, S = 70% on P (§).
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Figure 22. Effect of non-sinusoidal forcing at F = 4 Hz, S = 30% on P (§).
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Figure 24. Transverse profiles of pure low-speed fluid probability.
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Figure 25. Transverse profiles of pure high-speed fluid probability.
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