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ABSTRACT

A chemically reacting turbulent shear layer was investigated
in a new, blow-down water tunnel. In a diffusion-limited reaction, a
pH indicator, phenolphthalein, in one stream mixed and reacted with
a base, sodium hydroxide, in the other stream to form a visible
reaction product. Using optical densitometry techniques, the amount
of product was measured as a function of Reynolds number, at a
relatively high Schmidt number of approximately 600, The results
were compared with both the previous mixing measurements of Konrad
in a gasedus shear layer (Sc = 0, 7) and the simple mixing model of
Broadwell.

The product was found to be distributed, as expected; in
concentrated lumps associated with the large, spanwise-coherent |
structures of the turbulence, The time averaged amount of product in
the layer exhibited a rapid transition at a large—struéture Reynolds
number of about 5 x 10® for a velocity ratio of 0.38., Above the trans-
ition, the amount of product within the layer was independent of
Reynolds number,

This transition is related to the introduction of small scale,
three-dimensional motions into the layer., In the initial region, where
the flow was already unsteady and contained large structures but was
strictly two-dimensional, very little mixing was observed. Down-
stream the flow became unstable to three-dimensional perturbations
and small scale, three-dimensional motions were introduced into the
layer, Across this transition, the aqueo;t;.'s mixing increased by an

order of magnitude, indicating the sensitivity of mixing to small scales
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of the turbulence in a high Schmidt number fluid, At high Reynolds
numbers, changing the Schmidt number by three orders of magnitude
only altered the molecular mixing by about a factor of two or less.
The mixing model of Broadwell, which addresses the effect of Schmidt
number, is in satisfactory qualitative agreement with the observations,

The unique flow visualization of the visible reaction product in
water permitted a study of the three-dimensional instability and
evolution of small scale motions in the layer, Streamwise streaks
which had been previously observed in the Brown-Roshko gas
apparatus were found to originate from a spanwise-sinuous wiggle
which appeared at a large-structure Reynolds number which varied
with velocity ratio, indicating an influence of initial conditions on

the instability,
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I. INTRODUCTION

Turbulent shear layers have been studied at the California
Institute of Technology for more than a decade. Mixing in these flows
has recently been measured in order to understand more fully the
fluid mechanics of the turbulence as well as to address important
technological questions. This work is a continuation of previous
experiments, the main difference being the study of a chemically
reacting flow in a fluid with a relatively high Schmidt number. Schmidt
number (Sc :—:5—) is the ratio of the diffusion coefficient of vorticity to
that of species.

The mixing in a two-dimensional, turbulent shear layer pro-
duced by two aqueous streams flowing parallel to each other at
different speeds was studied (see Figure 1). “ The goal was to determine

the amount and distribution of molecular scale mixing within the

layer, as a function of Reynolds number and, to a limited degree,
Schmidt aumber.

The particular flow geometry was chosen for several reasons.
The flow is well documented and similar to the situation in many non-
premixad, continuous flow chemical reactors. Further, a turbulent
shear layer is perhaps the simplest turbulent flow. Both the initial
vorticity and the geometry are two-dimensional, and the initial
vorticity is essentially of one sign.

Previous work had established that the plane shear layer
consisted of large, basically two-dimensional vortical structures

o

which dominate the flow (Brown and Roshko, 1974). These large

structures have been found to persist at all observed Reynolds
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numbers (Brown and Dimotakis, 1976). As the Reynolds number
increased, smaller scale, three-dimensional motions appeared which
were superimposed upon the ubiquitous large structures. In a gaseous
mixing layer with Sc ~ 0.7, Konrad (1976) reported that the molecular
mixing was independent of Reynolds number except for a transition
region where the smaller scale, three-dimensional motions were
introduced into the layer, At the transition the gaseous mixing
increased by about 25%, according to Konrad's measurements.

The simple mixing model proposed by Broadwell (see Witte,
et al., 1974) visualizes the mixing process as a sequence of events,
The first step is the entrainment of pure, irrotational fluid into the
layer, The entrained lump of fluid is subsequently broken down into
smaller and eelaller scales until fiﬁally the smallest scale is reached,
the Kolmogorov microscale, If diffusion is slow enough, then
diffusion across the microscale will be the bottleneck in the sequence
of events which culminate in molecular scale mixing. The mixing
is then small scale diffusion limited,

In the case of relative rapid diffusion at the Kolmogorov
microscale, the model predicts that the mixing is limited by entrain-
ment, Entrainment is visualized, following Brown and Roshko (1974),
as the large scale engulfment of irrotational fluid by the large vortical
structures. These structures are assumed to behave in an inviscid
manner, independent of Reynolds number; thus entrainment is als:o
independent of Reynolds number. If diffusion is rapid enough, en-
trainment is the slow step in the mixing g;'ocess. The mixing is

then entrainment limited and independent of Reynolds number and



Schmidt number,

) }\O -3
The time to diffuse across the microscale )g is T)»o ~—5
where 8 is a species diffusion coefficient, The entrainment time
Tg is
o8
6 AU
where & is the large scale and AU is the velocity jump across the

layer (AU = Uy - Ug). The ratio of these two time scales is

'r
TE——)-\-Q—~-§—C-_1_._, whereReE-ég—B-
s Re® .

This model predicts that when the time paraméter T >> 1, the
mixing is limited by small scale diffusion whereas for T << 1, large
scale entrainment is the slow process. In the entrainment-limited
regime (T << 1), the mixing should be independent of Re and Sc.

At some intermediate value of T, a transition region must exist.
The results of Konrad (1976) with T ~ 107 , are consistent with
the model for T << 1,

The amouﬁt of mixing should be very sensitive to the smallest
scales when the mixing is small-scale diffusion limited., Therefore,
the mixing could be viewed as a sensitive probe of the behavior of
the small scales at low Reynolds numbers,

The original aifns of this research were as follows:

1) Measure the amount and distribution of mixing in the plane
shear layer as a function of Reynolds number in a large Schmidt
number fluid. -

2) Compare the results with Konrad's measurements which
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were made in a near-unity Schmidt number fluid; i.e,, a gas.
3) Test Broadwell's model.
4) Utilize the small ;scaie sensitivity and resolution inherent
in high Schmidt number flows to investigate the small scale motions

of the turbulence.
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II. EXPERIMENTAL FACILITY AND INSTRUMENTA TION

2,1 Design Philosophy and Flow Apparatus

The experiments were performed in a,'. new water tunnel designed
to.produce a turbulent shear layer between two streams of aqueous
solutions., The design philosophy was to construct a simple, general
purpose apparatus which could be operated by one person and easily
modified to vary the test section flow conditions. In order to test
Broadwell's model, a large scale Reynolds number of at least _

-153—6 = 10% was desirable, For a fixed velocity ratio, Re goes like

the characteristic test section dimension, while the volume flow rate
goes like its square. In the interest of conserving reactant chemicals,
the test section was sized to be relatively small, 7 cm x 11 cm span

x 45 cm long. With a design speed of 300 cm/sec, the goal of Re = 10%
was achieved with a relagively small expenditure of reactant chemicals,

Since the reactants would mix and react in the test section, a
closed circuit tunnel was not feasible. Rather, a blow-down configura-
tion was chosen, with the reactant solutions prepared in bé,tches before
a run and the waste water treated and thrown away afterwards.

To achieve accurate and repeatable flow speeds over a range
from about 1 to 300 cm/sec requires exquisite pressure regulation,
The dynamic head of a 1 cm/sec flow is only 5 microns of water,
while the volume flow rate of one stream through the test section at
300 cm/sec is 12 liters per second. These are formidable specifica-
tions for a pressure regulator, so a much simpler system was adopted,

By allowing gravity to supply the head, and using valves to throttle

the flow, the apparently incompatible requirements of accurate
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regulation and large capacity were resolved.
A gravity driven apparatus could either maintain a constant
water level (a.hd head) using weirs or the head could decrease during
_the run as the water level fell, The possibly adverse health effects
" of waterfalls and mists of corrosive fluids discouraged the former
option. The penalty of a decreasing head during a run could be mini-
mized by building reservoirs with large surface areas. (An infinite |
surface area reservoir would maintain constant head but would be
difficult to construct,) Since the flow speed goes like the square
root of the head, the decline in speed is relatively less than the change
in head. In addition, throttling valves that restrict the flow further
minimize the variation in flow speed due to changes in water level,

When the water levels fall to near the boftom of the reservoirs
during a run, air may be (undesirably) ingested into the apparatus due
to either an irrotational, potential flow out the reservoir drain¥* or
a bathtub vortex there, The radius of the drain inlets was designed,
following Zukoski (see Gluck et al.,1966) to inhibit irrotational air
inhalation, and guide vanes were incorporated to discourage bathtub
vortex formation,

The height of‘the reservoirs above the apparatus was chosen so
that considerable excess head was available for dissipation in turns,A
settling chambers, honeycomb aﬁd screens. The head required for
the design speed (300 cm/sec) is 45 cm while the reservoirs are
located one floor above the test section (~ 300 cm). Thus over 200 cm

of head is available for dissipation, b

xSuggested by Professor E, E. Zukoski
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A sketch of the apparatus is shown in Figure 2. Each reservoir
has a capacity of about 10® liters, permitting a 30 second long run at
the design speed of 300 cmm/sec. Due to the relatively small change in
water IEVZI; the flow speed changes by less than 2% in 10 seconds.
Steady state flow is typically established in 2-4 seconds. The free-

/5 |

stream turbulence intensity’ — was measured by a laser doppler
U - .

velocimeter* to be As lightly less than 0. 5% at the beginning of the
test section.

The apparatus was designed to handle a variety of corrosive,
agueous solutions. For example, one of the chemicals useél in the
present work, sodium hydroxide, attacks glass. Thus the test
section windows were all fabricated out of lucite, and thé bulk of the
apparatus was built of polyvinyl chloride (PV'C).V PVC is very inert,
yet can be joined together with a cement., Easily replaceable parts
were machined from 316 or 304 stainless steel where additional
rigidity was required.

Figure 3 is a photograph of the apparatus, Thé white vertical
pipes which drain the overhead tanks one floor above (not shown) are
visible at the left of the picture. The lucite test section in the middle
and the large catch tank at the far right are also apparént. Figure
4 is a close up of the contraction and test section,.. The thin splitter
plate makes a timid appearance at the left, or upstrean;, end of the
test section,

The settling chambers were designed to permit the rapid

*with the help of Mr, Manooch Mohseni-Koochesfahani and Mr. Keith
Koenig ,
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exchange of "turbulence manipulators! (e.g., honeycomb, screens,
etc,). The screens were mounted on frames which were stacked in
the desired sequence and placed within the settling chambers.
Removal of a rear cover plate readily gains access to both settling
chambers,

The contraction was modelled after the one in the Brown-Roshko
gas apparatus excepf that the contraction ratio was increased from
4 to 6. A rapid contraction is used to accelerate the flow and minimize
the thickness of the splitter plate boundary layers. A contraction
ratio of six results in relatively low flow speeds through the settliﬁg
chamber so that the pressure drop across the screens is acceptable.

The dimensions of the contraction are indicated in Figure 5.

The nozzle contour is defined by two circular arcs, The "thin'
splitter plate is a wedge whose trailing edge thickness is less than
.003 cm, A 'thick' splitter plate, used for some wake measurements,
is a truncated wedge of the same length whose trailing edge thickness
is 0. 635 cm,

All four walls of the horizontal test section are transparent so
that the flow can be observed from any direction. The side walls are
easily replaceable with ones of a different convergence angle, to
adjust and remove any stream;;vise pressure gradients,

A stainless steel traversing mechanism, driven by a digitally
controlled stepping motor, could move a pitot tube probe at 500 steps

" per second in increments of 0.0066 cm across the test section.



2.2 Instrumentation

2.2a Manometer System

Test section velocities were calculated frozn. total and static
pressure measurements. The thickness and growth rate of the layer
were measured by pitot tube traverses. Test section pressure gra-
dients were measured from a row of static taps on the side walls, The
pressure measuring system consisted of a fast pressure scanner
switch (Sca.nivalve, type W1260), a fluid isolator (Datametrics, 552),
a pressure transducer (Datametrics electronic manometer, 1014A)
and a differential pressure sensor (Datametrics, 511-10), Total and
static pressure lines were sequentially sampled by the Scanivalve
switch, The isolator prevented the electrically conductive reactant
solution within the pressure lines from entefing the capacitive dia-
phram pressure transducer. Within the isolator, the pressure signal
was transmitted from the reactant fluid across a thin, flexible mem-~
brane to a dielecfric o0il which filled the transducer.

The Scanivalve switch was automatically actuated by a digital
master control. The analog output of the manometer was read by a
digital voltmeter and written by a printer at a rate of 3 readings per
second. With each pressure reading the Scanivalve position was also
encoded by the printer. In this way, up to 12 different pressure lines
could be sequentially sampled and the corresponding pressures
recorded,

2.2b Optical System

The concentration of the visible reaction product was measured
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using two densitometric techniques. The first approach employed a
photographic film emulsion as the measuring device.* This involved
photographing the reacting flow through a green filter and scanning the
photographic negative. The absorption of green light by the red
reaction product varied exponentially with the total amount of product
along the light path. Photographic emulsions, within a certain exposure
range, are logarithmic in nature. The net result is that the optical
density of the negative was just a linear function of the total amount of
reaction product along the light path. Thus, by photographing the
reacting flow with a bright background and optically measuring the
developed negative, it is possible to determine the amount of reaction
product.

The virtué of the photographic technique is that a global measure-
ment of the product is made. Past experience with turbulent flows
(Brown and Roshko, 1974) strongly suggests that global view of the
flow may be more instructive in recognizing large scale patterns than
local point measurements. From a time exposure of the plan view
of the layer, for example, spanwise variations in time averaged
mixing are easily detected.

The disadvantages of the photogfaphic technique are the inac-
curacies associated with the film emulsion and non-uniform back-
ground lighting. These error sources limited the absolute accuracy
of the measurements. Reasonable relative measurements can be
made, however.

Yer

The second approach was adopted after the limitations of the

*Suggested by Dr. Paul E. Dimotakis
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photographic technique became apparent. The attenuation by the red
reaction product of a narrow beam of greenilight passing through the
layer was measured (see Figure 6). With the beam oriented normal
to the plane of the layer, the total amount of chemical product along
the light path could be detected.

A niercury—argon discharge lamp (Pen-Ray, 11SC-1) produced
a 5461 angstrom green mercury line near the phenolphthalein ab-
sorption fnaximum of 5530 ,rfa',ngstrom. The detector was a photo-
multiplier tube (GE, 731 A). A narrow-band optical filter (35
angstrom half-maximum bandwidth) in front of the PM tube selected
the appropriate mercury line. Apertures ranging in diameter from
150 to 2000 microns defined the beam width. At the very small
apertures, a bright mercury arc lamp and cbllimating lens were
used as the light source instead of the Pen-Ray lamp to produce a
large enough detector signal.

The analog PM tube signal was amplified and digitized by a
fast analog to digital converter (Preston, GMAD-3). The digital
signal was temporarily stored in core memory of a calculator
(Hewlett Packard, 9825A). The data were subséquently processed
by the calculator and permanently stored on a magnetic tape

cartridge.
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IIT. METHOD

3.1 Passive Scalar Technique

The amount of molecular scale mixing in a turbulent shear layer
between two streams can be measured in at least two ways. Perhaps
the most obvious approach is the passive scalar contaminant technique
illustrated in Figure 7. An inert scalar, for example a blue dye, is
introduced into one stream. A diffusion interface always exists within
the mixing layer which separates the blue fluid from the clear, undyed
stream. Within the interface the blue dye diffuses into the clear fluid;
thus all the molecular scale mixing occurs within the interface. If
there were no diffusion, there would be essentially no molecular scale
mixing, since, for a low Mach number flow, the smallest turbulent
convective scales are enormous compared to any molecular dimension.

Using this technique the amount of blue dye within a small
sampling volume is measured as a function of time. If the sampling
volume is small enough to measure the true, local concentration of
the dye, it is possible, using Toor's analysié (Toor, 1962) to infer the
molecular scale mixing at that point. On the other ha:nd, if‘ the
sampling volume is not small compared to the smallest concentration
scales, i.e., the interface thickness, then the probe will smooth out
the actual concentration fluctuaﬁions and thus overestimate the amount
of mixing. The inert technique always yields an upper bound on the
actual molecular scale mixing.

The diffusion interface can become quite thin in a high Schmidt

e
number fluid like water. For typical high Rg:ynlolds number

conditions in the present apparatus, the interface is estimated to
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be as thin as the wavelength of light (see Appendix A)., If so, it is
impossible to construct even an optical sampling volume with
dimensions small compared to the interface thickness. The interfacé
could be several orders of magnitude thicker and still present a
difficult problem experimentally, Of course, one could achieve a
high Reynolds number flow by building a very la.rAge apparatus with a
flow speed so low that the diffusion interface would bé thick compared
to an obtainable probe size. This approach, however, was not practical,

3.2 Chemical Reaction Technique

The problem of finite probe size would be solved if a process
could be found which would measure the mixing é,'c the molecular level
and macroscopically display the correct answer independent of the
interface thickness, Such a process is a second order chemical
reaction: A + B » C, If dilute reactant A is added to stream one,-
and B to stream two, and if they rapidly react when mixed at the
molecular level to irreversibly form a reaction product C, then the
amount of product formed is just equal to the amount of molecular scale.
mixing between the two streams at the reaction equivalence ratio.
Further, if the reaction product happens to be visible, then the amount

of mixing can be measured optically, in a non-obtrusive way.

e
e

In contrast to the passive case, the finite size of the sampling
volume in the reacting flow does not inherently overestimate the
amount of mixing (see Figure 8), If the reaction is "ideal' (see
Section 3, 3) then the total amount of mixed fluid within th-é safnpling

Ve

volume is just equal to the total amount of product there, no matter

how big the sampling volcime, or how thin the diffusion interface,
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» This attractive characteristic permits accurate aqueous mixing
measurements at fairly high Reynolds numbers in a reasonably
sized laboratory apparatus.

3.3 Chemical Considerations

The chemistry should be fast, so that there is no time delay
between actual mixing and the formation of product. Diffusion-
limited reactions are the fastest possible, in the sense that the time -
for two prrospective reactant molecules to migrate toward each other
is very long compared to the actual reaction time. A reaction occurs
essentially every time two reactant molecules approach each other,
so that molecular diffusion is the rate-limiting step. A consequence
of a diffusion-limited reaction is that, in the continuum sense, the
reactants cannot coexist.

There are two types of optimum, diffusion-limited chemical
reactions for probing a turbulent flow. As has been mentioned, thé

first is an irreversible, second order reaction
A+ B » C.

The reaction product C is permanently formed by the reaction and
represents the total, cumulative amount of molecular scale mixing
of fluids containing A and B.
The second reaction (not employed in this work) is
schematically
T

A+ B =+ C ~» D.

Here C is formed when A and B mix, but after a short time, T,
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C disappears in some manner to formm D. The intermediate product
C now represents only the recent mixing, rather than the fotal,
accumulated amount of mixing as in the first reaction, The short-
lived product C would be useful for exploring regions of recent,
active mixing in the turbulence.

The optimum chemical system for the first reaction was not
found. Instead, this ideal, irreversible reaction has been approx-
imated by a reversible one. Phenolphthalein, a common pH indicator,
reacts with a base, sodium hydroxide, in a complex series of steps
(Kolthoff, 1937). The overall reaction is

Phenolphthalein + 2(OH) - red product,

The reaction, while not the optimum3*, was chosen for several
reasons, If is believed te be diffusion-limite;d (Czerlinski and Eigen,
1959 and Caldin, 1964). The reactanés are opfically transparent
while the product is visible, The reactants are more or less water
soluble, non-toxic, and inexpensive, The red product is "strong.ly
visible so that dilute concentrations are sufficient for detection.
Dilute reactants are unobtrusive so that the turbulence is unaffected
by the reaction, i.e., little surface tension, buoyancy, héat release,
etc, ‘

Early in the investigation it was discovered that a precipitate
formed upon the addition of sodium hydroxide to the water. The
calcium and magnesium ions in the "hard" city water apparently were
precipitating out as salts in the alkaline solution. An ion exchange |

water softener was installed to pretreat the water. It exchanged the

*kAlso see Appendix C,
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troublesome calcium and magnesium with sodium ions. Sodium salts
are much more soluble in alkaline solution and therefore did not
precipitate out.

A typical run consisted of a long sequence of steps. Trapped
bubbles of air within the apparatus were first flushed out. The valves
were adjusted for the desired flow speeds. Concentrated reactant
chemicals were then added to the reservoir tanks and the solutions
thoroughly stirred. The base reservoir solution was adjusted to a -
pH of a‘pproximately 11.7 (see Appendix C) by adding concentrated
sodium hydroxide of technical grade to the water. A phenolphthalein
concentrate solution was prepared by dissolving reagent grade
phenolphthalein powdér in denatured ethanol. Then distilled water
was added to form a 60% ethaﬁol/40% water by volume solvent. The
phenolphthalein concentrate was added to the water in the phenol-
phthalein reservoir tank to achieve a concentration of about 10™°
molar. Thus the equivalence ratio was the order of a few hundred,
with an excess of (OH) .

The precise freestream concentration of phenolphthalein
reactant was measured by the same optical system used to measure
the red product formed in the test section during a run (see Figure 6).
First a sample of the phenolphthalein reactant solution was diluted to
1/3 concentration with distilled water and raised to a pH of about 11.3
with sodium hydroxide. The diluted phenolphthalein reacted with the
hydroxide ions (OH) from the sodium hydroxide and turned bright red.
The red solution was placedina 1 cm ol;(t‘ic_al path cuvette cell and the

attenuation of green light through the cell was measured. The
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measurement was repeated with an optically matched cell filled with
distilled water. The difference between the two readings corresponded
to the attenuatioﬁ of 1/3 cm of reaction product.

The throttling valves were adjusted to the appropriate settings
for the run. The valves were opened and the flow accelerated to
final speed. After the settling chambers were flushed out by the
fresh reactants, the shear layer became visible by the reaction
product formed within it. After both the flow and the reactant
concentrations stabilized within the test section, a computer program
was initiated which automatically recorded 1000 photomultiplier
readings at equal time intervals. Core memory limitations prevented
a larger number of samples. The time interval was chosen to be
large enough so that a repeatable time averahge of the product was
obtained. After the data were recorded, the valves bwere closed to
terminate the run.

To verify that the growth rate of tﬁe layer in this new appératus
was consistent with previous measurements in the Brown-Roshko gas
facility (Brown and Roshko 1974, Konrad 1977) mean velocity profiles
of the flow were measured. A small pitot tube was rapidly traversed
across the layer The difference between the pitot pressure and the
test section static pressure was measured by the differential
manometer. The digital master control automatically drove the
 stepping motor to traverse the pitot tube across the flow and printed
the manometer output. According to a preset frequency divider, the
dynamic préssure was recorded after ste);pi.ng the probe a preset

number of times. Thus the increment in y between pressure
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readings was known and adjustable. In this manner, the absolute
thickness of the shear layer was measured.

3.4 Reaction Flow Visualization

A pleasant side effect of the visible reaction product was the
unique flow visualization it afforded. The visualization technique had
several advantages over conventional schemes. Chemical product was
always being produced at the reaction interface so that it was always
visible. If the interface was rapidly stretched, it was thinned and the
reactant concentration gradients increased. The diffusive flux of
reactants into the reaction surface thereby increased, producing more
product per unit reaction surface area. In contrast, an inert dye or
smoke injected into the flow at the splitter plate would have simply
diffused away and eventually disappeared. With a reaction, new '"dye"
was continually being produced at the interface so that even far
downstream the flow was readily visualized.

The slow diffusion rates of vorticity and matter in water are
well known advantages in conventional flow visualization. Compared to
typical gas facilities, water tunnels achieve large Reynolds numbers
with relatively low flow speeds so that high speed photography is
easier. In addition, the resolution of the photogrehs is superior
since the aqueous species diffusion is so slow (e.g., the character-
istic diffusion time across seven inches of water is about a
year).

Perhaps the most useful feature of reacting flow visualization

Ve
is the close relationship between vorticity and the visible product.

Initially, the vorticity and product are both concentrated in thin
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sheets at the splitter plate trailing edge. Both are convected with
the flow and diffuse down concentration gradients (at different rates
if Sc # 1). In a two-dimensional, constant density flow, vorticity is
not stretched, and behaves just like a scalar contaminant, satisfying

the Eulerian heat equation.

Dy ’ .
oE - VY
The local vorticity thickness, Glocal’ for an isolated sheet

in two-dimensional flow is just proportional to the local product
thickness P (see Appendix B). The actual distributiors of vo:ticity
and product within the sheet are not identical, since product is

continually being produced at the reaction surface, whereas

[y

PRODUCT

VORTICITY

vorticity is not. (An inert dye would, however, label the vorticity
provided Sc.'= 1,) Thus within the sheet, vorticity is not
precisely labeled by product, even for a unity Schmidt number fluid.
As long as the sheet is isholated, i.e., its thickness is small
compared to both its radius of curvature and the distance to any
other nearby sheets, the maximum vorticity surface near the center
of the sheet will approximately coincide with the reaction surface,
the surface of maximum product. In this“_global sense, the product
labels the vorticity for an isolated sheet, regardless of Schmidt

number.



20

If the sheet is not isolated, 'flame shortening'" (Marble and
Broadwell 1977) and 'vortex sheet shortening' effects can alter the
ratio (P/a)local’ And if the flow is three-dimensional, vortex
stretching will amplify and rotate the vorticity vector., The chemical
product is not amplified by stretching, of course, since it is a
scalar,

In spite of the fact that the product does not precisely label thé
vorticity because of flame shortening and vorticity stretching effects,
it may nonetheless approximately label it globally, Stretching only
can amplify vorticity where vorticity already exists. One might
argue that, for Sc > 1, vorticity can diffuse into an irrotational
region faster than the product and then be amplified there by
stretching to a very large absolute value. While such events must
be common, if the Reynolds number is reasonably large the vorticity
can not diffuse very far compared VV‘ith the large scales in the
turbulence. The viscous length is small and convection rather than
diffusion dominates the transport of vorticity, From a global view,

then, the chemical product may approximately label the vorticity,



21

IV. DATA REDUCTION

The green light beam was attenuated b_y the red reaction product
as it passed through the reacting shear layer. The attenuation variéd
exponentially with the total amount of produét along the light path.
Since the photomultiplier (PM) tube signal was linearly related to the
attenuation, the logarithm of the signal was just a linear function of
the total amount of product along the beam. The slopé of this line
was computed from the attenuation of a known quantity of product,
The PM tube signal for the beam passing through the test section full
of clear water defined the zero product level,

After taking the logarithm of the recorded PM tube signal, a

simple computer program computed the equivalent product thickness,

L (v

P(x, 2,t) = f R (4.1)

o«

-0

where [C] is the product concentration and [B]oo is the freestream
concentration of réactant B (phenolphthalein)., The product thickness
P was defined as the intergral through the layer of the product concen-
tration [C] (x, vy, z, t) normalized by the freestream concentration of
reactant B, the clear phenolphthalein, P has the dimensions of a
length, and can be thought of as the equivalent thickness of a product
layer with a uniform coﬁcentration equal to the freestréam concen-
tration of reactant B, For example, if the mean concentration profiles
of the three species A, B, and C were as sketched, the equivalent
mean product thickness, P, would be the] iieight of a rectangle whose

area equalled the area under the product profile and whose width
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matched the freestream concentration, [B]m.

V777 777]
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V. RESULTS AND DISCUSSION

5.1 Flow Visualization

5.1la Product Distribution

A side view of the reacting shear layer is shown in Figure 9.
The lower stream is colored with an inert blue dye to label fluid
that originated in that stream. The uioper; high speed stream is
transparent, The entrainment of the blue and clear ﬂuids into the
layer is apparent. The reaction product is red and resides in lumps
associated with fhe large vortical structures. The photograph strongly
implies that these vortices dominate both the mixing and the distribu-
tion of mixed fluid, at least at this Reynolds number,

Simultaneous plan and side views of the flow are illustrated in
Figure 10, (Note that blue dye was not used for this and all subsequent
photographs)) Several features of the photograph are significant, The
basic two-dimensionality of the instantaneous product distribution is
evident., The flow near the end walls is somewhat disturbed. When
this was first observed, it was thought to be an inherent feature of
the shear layer interaction with the wall., However, it is known that
a secondary flow exists in the corners of the test section due to the
upstream nozzle contraction. Thus, the contaminated wall region
may be a result of the secondary flow, In any event, the flow near
the test section centerline appears reasonably clean and basically
two-dimensional, and all measurements were made there,

5.1b The Wiggle

The most interesting feature of Fié&re 10 is the spanwise-

sinuous wiggle, Upstream of the wiggle the flow appears essentially
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two~dimensional, Streamwise lines are visible downstream of the
, vﬁggle and the flow is clearly three dimensional there,

Similar streamwise streaks have been observed by shadowgraph
photography in the Brown-Roshko gas apparatus for some time (Konrad
1977). They have been interpreted as streamwise vortices of alternat-
ing sign. Their origin was, however, obscure,

16 mm high speed motion pictures displayed the evolution of the
sinuous vortex and the streamwise streaks, but the movie resolution
was inferior to 35 mm still photographs, It is of course dangerous
to infer the evolution of a flow from random sna.pshots,. but some
features of the layer are only visible in the high resolution still
photographs,

Figure 11 is such a snapshot of the plan view of the layer., A
- wiggle has formed and another one is apparently evolving in the
neighboring upstream vortex, The outer sheet of the vortex is
corrugated, while the inner sheet appears relatively unperturbed. Itis
tempting to conclude that this is characteristic of the wiggle formation,

After the wiggle is formed, it is stretched by the global strain .
field of the flow, Its amplitudé grows rapidly, while its wavelength
remains constant. Such a stretched wiggle can be seen in Figure 11
downstream of the wiggle.

The average wavelength of the sinuous wiggle was measured
from photographs to be about 1.1 times the wavelength of the initial
two-dimensional Kelvin-Helmholtz waves,

A time exposure of the plan view iswshown in Figure 12, The

streamwise streaks represent long time averaged spanwise variations
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in the mixing. The streaks first appear at the onset of the wiggle
and extend to the end of the test section, The relative amplitude of
the spanwise fluctuations appeared to be a maximum a short distance
downstream of the wiggle location. At large Reynolds number, time
exposures of the plan view indicated that the time averaged mixing
along the span was moderately uniform, but streamwise streaks were
still detected. ‘

A snapshot of the plan view at large Reynolds number (Figure
13) illustrates that in spite of the introduction of three-dimensional
small scale motions into the flow, the large structure is basically two -
dimensional, as indicated by the product distribution,

5.2 Product Measurements

5.2a Shear Layer Time Histories

As discussed in section 2, 2b, the amount of product was meas-
ured by pas singAa narrow beam of light through the layer., The red
product attenuated the béam, and the instantaneous amount of product
along the light path was measured and recorded as a function of time.
Time histories of the equivalent product thickness P (Ea., 4.1) before
and after the mixing transition* are shown in Figures 14a and b,’
respectively., Electronic noise accounts for excursions of the signal
below the a:cié P = 0. The shear layer was about the same thickness
in both runs, yet the average value of P (indicated on the vertical
axis) was much higher above f:he transition, There were impressively
large fluctuations in the instantaneous value of P even at the higher
Reynolds number, Each large excursion;re_surnably corresponds to

*Discussed in Section 5, 2b.
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hundred, Fortunately, the mixing in Konrad's experiment appears to
approach its asymptotic value at an equivalence ratio bf 10, and little
change is expected for larger values of f, The physical explanation is
that for a large enough equivalence ratio the amount of product formed
is just limited by the entrainment of the scarce reactant into the layer,
since there is an abundance of excess reactant there, Thus in
Figure 16 the present work at f = 200 can be compared with Konrad's
results for f = 10, The most obvious feature is the rapid increase
in P/6 at Re = 5000, At the transition P/& jumped about 25% in the
gas flow and about a factor of 7 in the aqueous layer.

Above the transition the amount of mixing is seen to be
independent of Reynolds number and only a weak function of Schmidt
number, The Schmidt number differed in the two cases by three
orders of magnitude, yet P/& changed by about a factor of twoé or
less. Konrad employed the inert scalar contaminant technique
which, as discussed in Section 3.1, always yields an upper bound on
the actual mixing, In the present study, the chemistry is reversible,
so the product measurements are a lower bound on the mixing. The
finite width of the light beam also underestimates the amount of
product. If the mixing is monotonic with diffusion coefficient*, then
for Schmidt numbers between 0,7 and 600, P/ must always be
between the two curves, Since the gas and the water measurements

are upper and lower bounds, respectively, on the mixing, itis

#This is not necessarily true. As pointed out by Prof. Philip G.
Saffman, G.I. Taylor's problem of dispe¥sion in laminar and
turbulent pipe flow (Taylor, 1953 and 1954) illustrated that as the
diffusion coefficient increases, the streamwise dispersion of a
scalar contaminant can decrease.
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a large vortex drifting through the beam. The avbera.ge time interval
for the passage of the large structures is indicated.

Figure 15 is a similar time history of P above the transition,
but with a compressed time scale. Many large structures have passed
through the beam during this record, thus giving a large statistical
sample of P, Several times during this record the light beam detected
almost no product, indicating that it is occasionally possible to see
almost entirely through the layer even at large Re. Topologically,
of course, there must always be a reaction interface and thus a finite
amount of product between the two reactant fluids, However, because
of high local strain rates in the turbulence this interface may locally
be very thin in a high Schmidt number fluid and thus contain very
little product, If the light beam only pierces through one such thin
interface at some instant, then the instantaneous product thickness
will be very small,

5.2b Effect of Schmidt Number

The main results of the mixing measurements for a velocity
ratio of r = 0. 38 are shown in Figure 16, There the (mean) equivalent

product thickness P normalized by the vorticity thickness §
oU

6 = AU/~ 5.1
/oy (5.1)
is plotted as a function of large scale Reynolds number Re = _A_\T;T_ﬁ .

Roughly speaking, P/ represents the fraction of the layer filled with
reaction product. The curve is inferred from Konrad's thesis, where
a shear layer between two different gasses was studiéd. The highest
equivalence ratio f that Konrad discussed was 10, while chemical

constraints limit the present work to an equivalence ratio of a few
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possible that the actual difference at high Reynolds number is
considerably smaller than indicated. |

Below. the transition, the mixing is a strong function of
Schmidt number, The gas and water measurements differ by
about a factor of 12 here. If there are no flame shortening effects,
the mixing should vary like Sc_%. The observed mixing difference
in the two fluids is somewhat less than this; therefore there may
be flame shortening in the gaseous flow, The effect should not be
too surprising. Since Sc 2 1 for the gas the local product and
vorticity sheets are about tne same thickness, ignoring the initial
boundary layers. (As the flow is initially two-dimensioanl, no
vortex amplifiéation by\ stretching can occur.) If the vortex sheet
radius of curvature at the vortex core is about equal to the sheet's |
thickness there, then the sheets are not isolated and flame
shortening can occur,

Of course another possibility is experimental error associated
with the aqueous measurements, P is estimated to be of the
order of 500 pm at low Reynolds number. Since fhe mixing is so
slight, modest absolute inaccuracies yield relative errors,

Bradshaw (1966) reported that the Reynolds stress in the
near field of a round jet actually overshoots the final, asymptotic
value for 'fully develovped turbulence', Roshko’ suggests that

the overshoot in u'v', the Reynolds stress, is due to

o,

"Private Communication
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the relatively periodic and 'jitter-free' nature of the flow at the
vortex sheet roll-up and for some distance downstream. Cooperative,
large scale transport of momentum by the vortices is then
responsible for the high correlation in velocity fluctuations, u'v'.
In contrast, the mixing is sensitive to the small scales and is
completely independent of the Reynolds stress,

5.2¢c The Transition

Figure 17 illustrates the nature of the flow at the transition from
a plan view of the reaction product. Immediately downstream of the
splitter plate the shear layer was laminar. The vortex sheet rolled
up into two-dimensional discrete vortices, At about Re = 2000, for
r = 0.38 three~dimensional motions appeared; i. e., the "wiggle,
The vorticity vector was rotated into the streamwise dirc;:ction and
stretched, The streamwise vortices are visible just downstream of
the wiggle. The basic two-dimensional nature of the large vortices
remains unaltered, however, by the small scale, three-dimensional
motions,

Figure 17 clearly shows the dramatic effect of the introduction
of three-dimensional motions on the amount of chemical product.
Downstream of the appearance of the sinuous wiggle, P/6 increased
in the transition by an order of magnitude, Konrad (1977) reported
that the shear layer thickness § was essentially unaffected by the
introduction of the small scale motions,

The velocity ratio (r = %—f } of the )&:,:hear layer was varied to

explore its influence on mixing, in particular its effect on the
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transition Reynolds number and the asymptotic value of P/6 at high
Re. The results are presented in Figure 18, The transition Reynolds
number decreased as the velocity ratio increased. Within the
accuracy of the measurements, the ésymptoti’c value of P/6 was
independent of r. This is consistent with the notion of entrainment
limited mixing above the transition.

5.2d Effect of Initial Conditions

The fact that P /6 is not a unique, single-valued function of the
large scale Reynolds number implies that the three-dimensional
transition is influenced by the initial conditions of the laminar
vortex sheet. This conclusion is not too surprising, since the shear
layer is not fully three-dimensional at the wiggle and far from self
similar. A further conclusion is that the on;;et of the three-
dimensional instability (and thus the mixing transition) is not
described by the large scale Reynolds number because as the flow
visualization suggests (Figures 11 and 17), it is not the large structures
per se that become unstable. Rather, the outer layef of the vortex
sheet that has rolled up into a vortex appears to first undergo large
amplitude, three-dimensional motion.

Since the mixing transition is evidently influenced by the initial
conditions of the shear layer, the normalized product thickness P/6
was plotted as a function of the initial Reynolds number %_9__;_ at
a fixed x (Figure 19). This particular parameter was chosen
because 1i) most of the vorticity in the initial vortex sheet

originated in the boundary layer of the high speed side, and

ii) most of the opposite sign vorticity from the low speed boundary
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layer is quickly cancelled by diffusion of the high speed vorticity.

The initial vorticity thickness 6; was computed as

xX
8, = <v Sff) | (5.2)

where X, ¢ is the effective origin of the laminar boundary layer in a

[

zero pressure gradient. The value of Xogp Was estimated to be

4 cm. There is considerable scatter in the data, especially at low
Reynolds number and in the transition, reflecting the sensitivity of |
the mixing to small scale motions and the streamwise streaks in
the transition. Even so, it is apparent that the transition occurs at
about the same initial Reynolds number —T“—I-%g—l- for velocity ratios
from r = .38 to r =.80. The result lends support to the
conclusion that the transition is an initial condition effect. Note
that the initial parameter —;—Z— varied with the flow speed (Eq. 5.2).
This point will be discussed in Section 5.3.

There are at least three candidates for the initial insfability
which results in the wiggle. The Widnall instability (Widnall, Bliss
and Tsai 1974, Moore and Saffman 1975, Tsai and Widnall 1976 and
Saffman 1978) was first proposed £0 explain circumferential wé.ves in
vortex rings and, as suggested by Saffman (1977)*, may be
responsible for the wiggle in the shear layer. Briefly, the physical
idea is that if a rectilinear line vortex is perturbed into a sinusoidal
shape, such that the vortex is steady under its own self—inducéd
velocity, then in the presence of an external strain field the crests
of the deformed line vortex will be convected away from their
unperturbed position as a consequence of the imposed strain. In

*Private communication
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this way the amplitude of the sinuous perturbation grows with time.

Benney (1961) and Corcos (1978)*employed formal mathematical
perturbation expansions to explore the infinitesimal three-dimensional
instability. Brown (1976)%* and Konrad (1977..) have suggested that the
Rayleigh-Taylor instability is responsible for the streamwise streaks. .
Their shadowgraph flow visualization did not display the wiggle, so
their model does not directly incorporate it. Furthef work is needed
to determine which, if any, of these candidates is the initial three
dimensional instability in the shear layer.

5.2e Wake Mixing

The mixing in two different wake flows was brieﬂy explored+ to
compare with the shear layer behavior. A wake is formed downstream
of the splitter plate when_ U, = U;. Both the "regular! splitter plate
and a blunt splitter plate were used. The blunt or "thick' plate had a
trailing edge thickness of d = 0.635 cm while the regular, or thin
trailing edge splitter plate was less than .003 cm thick there. The
ratio of boundary layer momentum thickness €, to pléte thickness d
at the trailing edge is small for the thick plate and large for the thin
plate.

Figure 20 shows some typiéal time histories of the product
thickness of the thick wake at x = 8.5 cm for four different Reynolds
numbers Hv(-i— . The signal was very periodic for Evc_l =220 and

became less so as the Reynolds number increased. The average

amount of product thickness, indicated on the vertical axis in each

ats

;:Private communication
With the assistance of Mr. Til Liepmann
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case, increased monotonically with p\—;—i in the transition range, as
shown in Figure 21. The normalized product thickness P/6W is
plotted as a function of the large scale wake Reynolds number _I_J\_)c_l .

The wake thickness 6W was defined as

5 = (xd)’l% | (5. 3)

No attempt was made to determine the precise virtual origin of the
wake flow from mean velocity profiles. For the thin wake, d is
taken té be 28,. Both the thick and thin wakes exhibit a mixing
transition across which the mixing jumps by an order of magnitude
or more, Although there is considerable scatter in the data, it is
apparent that the thick wake mixing had not reached the asymptotic
value at x = 8,5 cm. The scatter for the thick plate wake is larger
than might be expected from experimental error, and may reflect
spanwise variations in the mixing.

Figure 22 is another plot of the wake data, but with the initial
boundary layer Reynolds number g;;e_,_ as the abscissa. In contrast
to Figure 21, the thin plate wake now transitions at a higher Reynolds
number, as might be expected. Note that these coordinates for the
wake are the same as in Figure 19 for the shear layer.

A direct comparison of the thin wake and shear layer is
presented in Figure 23. The two flows exhibit a transition in the
mixing at the same initial boundary layer Reynolds number g-lv—el .
Since the definitions of 6 and 6W (Egs. 5.1 and 5.3,‘ respectively)

are arbitrary, there is no reason to expect the asymptotic values of
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parameter T ~ -S—E%: predicts that if Sc is high enough, then there
will be a large g: at which thé mixing undergoes a transition even if
the flow is already three-dimensional and full of small scale motions.

The aqueous Schmidt number is only about 600 and the Reynolds

number at which the model predicts a mixing transition (T ~ 1) roughly

corresponds to a transition in the flow itself —S—E_l_ ~ 600 1~ 6}, i.e,,
Re® (10%)7%

the introduction of three-dimensional motions, In this respect the

mixing in a fluid with Sc ~ 10® or larger would be useful as a test of

the model where the flow is self-similar, but then Re would have to

be 10*2!

5.3 Speculatfions

The mixing transition was found fo be a non-unique function of
the large-scale Reynolds number é-%é (Fig. 15) and may‘be completely
independent of it, The transition appears to be largely independent of
the velocity ratio when plotted as a function of y—‘bgl at a fixed down-
stream station x. If the large scale Reynolds number and velécity ratio
are unimportant in determing the transition, then it is possible that
only the initial high speed vortex sheet Reynolds number g‘f}—el and .
normalized distance x/0; are important in defining the transition.

Note that in Figure 23 there appears to be a trend for the shear
layer to transition at a slightly higher initial Reynolds number
E—]-l\;@l as the velocity ratio increases. A possible explanation is
that there is an indirect effect of velocity ratio on the transition
through the initial boundary layers. For example, a prerequisite for

transition may be that the bulk of the 10\ﬁ;ﬁspeed vorticity is cancelled

by viscous diffusion of high speed vorticity, In this event the
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effective thickness of the vortex sheet would be more like (8, + 83)
rather than simply €3, at least for velocity ratios bounded away
from r=0. As r - 0, the ratio %f— increases without limit
for a symmetric contraction, yet the flux of low speed vorticity
leaving the splitter plate is quite low compared to the high speed
vorticity flux. No attempt was made here to substitute more

U:;el and ei , but the possibility
1

appropriate initial conditions for
for improvement remains.

A speculative relationship between these two parameters and
the normalized product P/§ is sketched in Figure 24a. At large
E‘;Q—l and _é_x_ , P/& is large while near the origin P/§ is small.

1
P/& must remain small for all H%Q_L provided % Z 0. Near the
1
i U, 0,
v

other coordinate axis, P/ is small as —GXT increases since
is so low that the initial laminar flow is stable to even two-dimen-
sional perturbations (e.g., if H%ﬁ; < 20, a wake remains laminar).

Note that a laminar shear layer will eventually become unstable no

Ulel

matter how low the initial Reynolds number. is, because the

. . AUS
laminar layer grows slowly until the local Re, — > ReCRI’I"

Thus the shear layer will not behave precisely as the sketch suggests

in the limit of [ill;h- 4 0 and _BXT -+ o,

Because of little mixing (and thus measurement accuracy) near
the splitter plate and end wall contamination effects downstream, the

measurement station x was held essentially constant. Both

X and Ui 6
v

01 .
like U, 2. Thus, the actual trace of the data presented in Figure 18

Uy 6,
v

were varied by changes in flow speed and both go

[

is not parallel to the axis at a constant 55— but rather
1
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v along a diagonal as illustrated in Figure 22b. It represents a
composite of the influence of the two independent variables. The
multiplicative product of these two variables P—l‘f—l- is a quantity
that Bradshaw (1966) found in a near jet flow (r = 0) to roughly

define the shear layer transition length largely independent of 8,

for 500 < _U_1v§_;_ < 1000. Curves of constant U;X are hyperbolas

in the U—’;e—L— - plane and are more or less orthogonal to the

61

aforementioned diagonal trace along which the present measurements

were made. Assuming that Bradshaw's observation is approximately

true over a large range of %_9__;_ » the contours cf constant P/§ may

be approximated by the hyperbolas U}}X = constant in Figure 24b.

The downstream station for fully developed turbulence is

x = 1629, +4x105—t‘;— for 5oo<-U—1v_e-L< 1000
1

according to Bradshaw's hot wire measurements for r = 0. The
aqueous mixing achieves its asymptotic value at about x = 1628, +
2.5 x 105-]:13—1 for the conditions tested. In light of Broadwell's model,
agreement between the mixing transition and velocity measurements
on the exact location of fully developed turbulence is not to be
expected, since the mixing will reach its entrainment-limited
asymptotic value as soon as enough small scales have formed to
mix the reactants at the rate they are being entrained. The velocity
field need not be perfectly self-similar there.

As the flow speed of the Bradshaw je}&was doubled, while
maintaining a laminar boundary layer, he ohserved that the station

of fully-developed turbulence moved upstream by almost a factor of
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two. When €; was increased with a longer jet nozzle at a fixed U,
the station moved downstream only slightly. These two results are
consistent with the sketches of Figures 24a and b, and imply that the
approach to fully developed turbulence does not scale with the initial
momentum thickness @,. Bradshaw's contrary comment,
while approximately correct for a limited range of test conditions,
must not be generally valid if the present speculations are embraced.

It is possible that there are two limiting cases for transition:
very low initial Reynolds number and very high. The shear layer
vortex sheet is unstable to two-dimensional Kelvin-Helmholtz waves

for U—I{)—B—L > 10. If E‘ll—al is less than some critical number of

order

[

00, then the roll-up is apparently stable to three-dimensional
perturbations. In the shear layer the flow rn‘ust somehow become
turbulent far downstream since the large scale Reynolds number
increases with x. The transition process to three-dimensional,
turbulent flow may be different in this case than in the other extreme
of high initial Reynolds number, where the plan view photographs
indicate that the three-dimensional instability occurs during the vortex
sheet roll-up, producing the “wiggle". Significantly, at low -gﬂj-l
the wiggle was not observed even though the flow appeared to develop
three-dimensional motions.

The second general idea suggested here is that the three-
dimensional transition in the shear layer is véry much like that in
the wake layer. Certainly the two dimensional transition, i.e.,
laminar to non-steady, two-dimensional ;I’iotio'n‘, has many common '

features in the two flows. In both cases the plane, laminar vortex
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sheet becomes unstable to two dimensional perturbations and rolls
up into discrete vortices. In the wake (r = 1) the vortices are of
opposite sign, while for the r = 0 shear layer they are of like sign,

The critical Reynolds number g—\l)—e—l for the wake to roll up
into two-dimensional vortices must, however, be somewhat higher
than for the r = 0 shear layer because of two effects. Vorticity
diffusion causes cancellation of opposite-signal vorticity in the wake
vortex sheet, reducing the vorticity magnitude as the Reynolds number
decreases. In the r = 0 shear layer there is only one sign of vorticity
f)resent, so there can be no cancellation. The second effect is also
due to the presence of the opposite signed vorticity in the wake,
Imagine that every fluid element containing vorticity in the wake is
arbitrarily paired to a nearby element containing exactly the same
amount of opposite-signed vorticity, The pair of elemental vortices
behaves like a dipole at distances that are large compared to the
separation of the elements, in contrast to the much stronger monopole
character of an unpaired vortical element. This is an inviscid kind
of cancellation of the long range effects of the opposit‘e signed
vorticity, The induced velocities of the wake are in this seﬁse
somewhat weaker than for the corresponding shear layer, and the
laminar flow is correspondingly more stable at the same gl\-)—e—l .

The thin wake and shear layer are influenced by two independent
initial condition parameters, %{" and g‘-—v—el . JThe thick wake

introduces another parameter, the ratio of the boundary layer thick-

Vet

*An interesting question is what is the lowest value of r for which
vortices of opposite sign are shed from the thin plate, They have
been observed for r = 0,8, for example.
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ness to the plate thickness %’-— . Since the separa.fed boundary
layers off of the thick splitter plate are initially far apart and thus
each subject to'the Kelvin-Helmholtz instability whereas the thin
plate unites the two boundary layers together immediately, it is

possible that the thick plate may exhibit additional frequency locking

effects compared to the thin plate flow for the case of r < 1, Such

U,
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interactions of the Kelvin-Helmholtz and wake modes were
proposed by Roshko and Fiszdon (1969) to influence the near wake
flow. However, due to the sensitivity of the far field shear layer
to initial perturbations, it is reasonable to suggest that the far
field shear layer may be quite sensitive to perturbations introduced
by the self-eoscillating near field base flow. Like a chameleon,
the separated boundary layer first behaves like a shear layer, then
in the larger sense like a wake, and finally reverts back into a
shear layer far downstream. By tuning the base flow oscillator it
may be possible to control the mixing in the far field shear layer.
The interesting features of a shear layer with a built-in self-

oscillator remain to be explored.
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VI. CONCLUSIONS

The amount of molecular scale mixing in an aqueous shear
layer (Sc = 600) was measured using a chemical reaction technique.
The results were compared with Konrad's gaseous mixing measure-
ments (Sc = 0.7). At low Reynolds number, the effect of Schmidt
number on the mixing was pronounced, while at high Reynolds
number, the mixing differed by roughly a factor of two or less.
Thus a three order of magnitude variation in Schmidt number
produced only a relatively weak change in mixing at large Re.
Above the transition, the mixing was independent of Re. This was
consistent with qualitative predictions of Broadwell's mixing model.
A transition region for the mixing, first observed by Konrad in a
gas flow, was again found to correspond to the introduction of small-
scale, three-dimensional motions into the layer. The aqueous
mixing was very sensitive to the presence of these small scales. The
large~structure transition Reynolds number was found to vary with
velocity ratio, implying that the instability is dependent on initial
conditions. The important parameters are suggested to be the
initial vortex sheet thickness and Reynolds number.

The unique flow visualization provided by the chemistry revealed
a spanwise-sinuous '"wiggle' which is believed to play an important
role in introducing streamwise vortices and small scale motions in
the mixing layer. The initial instability which generates the wiggle
is not yet known, 'although several candid}aﬁtes exist.

Further work is necessary to determine; the nature of the initial

three-dimensional instability. The precise evolution of the wiggle
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and its effect on spanwise variations of the mixing in the mixing

layer remain uncertain.
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APPENDIX A

An Estimate of the Mixipg Interface Tilickness at Large Schmidt
Number

In a turbulent flow, the mixing interface is thinned by the
turbulent strain field. For fluids with S; >> 1, the interface is
assumed to be thin compared to the Kolmogorov microscale, },. This
is in agreement with theoretical predictions of Batchelor (1959), and
experimental results of Gibson and Schwarz (1963). A thin interface
will locally be subjected to strain rates as large as the microscale
strain rate g,. This strain rate is just the reciprocal of the character-

istic vorticity diffusion time across the microscale.

Xoa -1
Co ~<~\)—>

3 .
The microscale goes like ), ~6Re * (Landau and Lifshitz, '1959) so that

Vv a/a :
Oo ~—g—2 Re™", (A. 1)

If a diffusion interface of zero thickness at t = 0 is subjecte& to -

plain strain at a constant rate o, the interface thickness £ evolves as

Lt

sketched below , —_ -

e | wyr <
- (8/0)

1
2

e
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1
For t << o™, the thickness increases like (8t)®, When t >> g7},

¢ asymptotes to a value

1
£ ~ (8/0)" (A.2)
independent of time. Combining A.1 and A.2 yields
| i .3
£ ~S_ "Re %5. (A.3)

Typical flow conditions in the water tunnel are S_ ~ 500,

Re ~ 10%, and & = lcm, so that A, 3 yields

£ ~3x 1078 cm
which isbless than‘ the wavelength of light,
This is only a very rough estimate since the Kolmogorov expres-
sions are derived from dimensional arguments., Also, the interface
is not necessarily always this thin, Obviously once mixing has been
achieved in a large region the interface is much thicker, This is an

estimate ' of the thinnest interfaces expected in the turbulence.
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APPENDIX B

The Laminar Reacting Shear Layer

The solution to the laminar, reacting shear layer is derived,
using a boundary layer approximation, Streamwise gradients and the
initial splitter plate boundary layers are neglected, Thus the tem-
poral problem is actually solved, and the solution is then applied to
the spatial flow with the aforementioned approximatiohs,

Vorticity
The vorticity equation for 2-D, uniform density flow with con-
servative forces is
Do _
—Ii-t-— = \)VB_Q_ , w =y, t) (unit z vector) (B.1)
the Eulerian heat equ'atiogl, The initial vorti_city distribution is taken
to be a delta function, or infinitely thin gaussian. The sol'‘tion to
equation (B,l) is a gaussian for allt > 0,

8

-

const, vt
= e

=X .

(mvt)®

Now the total amount of vorticity integrated through the vortex sheet

is just the velocity jump, Au, across the sheet,

w
fw(y, t)dy = Au
-0
Therefore (B.2)
3
e 4
Au vt

w(y’ t) == €
(TTvt)®
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and

w

(=]
5 = f‘i ay =22 - muy)? (B.3)
Jeo max wmax

Product *

Dilute reactants imply that there is no effect of the chemistry on
the flow. Thus the product distribution is independent of the vorticity
field in the temporal, laminar problem. Assuming fast, irreversible
chemistry, the problem remarkably enough, is independent of chemis-

try. The reactants satisfy the familiar diffusion, or heat, equation

D _
o Ky = 87K,
(B. 4)
D _
o™ K = *g”szB

where, for simplicity, all diffusion coefficients are assumed equal,
Here KA and KB are the molar concentrations of reactants A and B,

normalized by their respective freestream values, e, g.,

KA = E::i;}w .
If the chemistry is fast enough, the two reactants cannot coexist
macroscopically. Thus the reaction occurs within a thin sheet whose
thickness is determined by molecular scales (e.g., in a gas, a few

mean free paths). Idealizing this sheet as an infinitely thin reaction

surface, boundary conditions for equation B. 3 are

KA = KB =0 at the reaction surface
(B. 5)
K, =K =1 in the freestream, y 4t o ‘

A B
*This section paraphrases some classroom lectures of Prof,
F.E. Marble,
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The reaction is second order, with stoichiometric ratio fx
A +1xB - f3C . (B.6)
Thus, at the reaction surface the flux of reactant B must exceed that

of A by the factor fx*,

-—-[-—] = f*
via )Reaction surface

(V[B]

or
[B]m <VK >
— = f*,
[A]co VKA Reaction surface

Define the equivalence ratio

[a]

f = 2 £,

[B]_

Then ‘ .

B

(VK )
VKA Reaction surface

At t = 0, the reactant distributions are step functions. The solution

=f . ' (B.7)

to the heat equations B.4 for an initial step function is just the error
function. The boundary conditions B. 5 and B. 6 imply that

erf<:r2l - oz) +erfa

KAm) = 1 +erfo

and

erf (-1—2— +a> - erfa

KBm) = 1 ~erfo

where 1N is the similarity variable

n=—t

(8t)2
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and

fa—_]l_::.f_
erte =13F -

Note that for the symmetric case of £ =1, erfe =0 and @ = 0. Thus

= LI -
K,(n) = erfs = Kg(-n).
The reaction product also satisfies the Eulerian heat equation

everywhere except at the reaction surface.

D ~ QP _[c]

max
Product is formed only at the reaction surface and diffuses away down
concentration gradients, The characteristic diffusion length of product
into each reactant is equal to the diffusion length of the reactant since
all diffusion coefficients are assumed equal., The total amount of
product formed must be equal to the total amount of reactant B con-
sumed from equation B.5. Thus, the solution of equation B. 8 is
1 - K,(n) n=z=0
KC = (B.9)
1 - KB(n) n<o0o .,

The maximum concentration of product, [C]max’ occurs at the
reaction surface. Its value can be determined from the fact that since
the reaction surface has zero thickness in the macroscopic view, it has
no volume and thus no storage capability, The diffusive flux of reactant

into the surface therefore must equal the flux of product away from

the surface, even in this nonsteady case.
yio

9 ) .
855 (-[C1 +[CT) = 85-B]



2]
(B ]max KB

max -

B. 8 implies

1 _ [B]max 1 1
1 +erfa " \[C] - 1 - erfa
max

1 +erfo
[C]max - 2 [B]max

therefore

independent of time. The product thickness is defined as

f[CJ
max 4

It is the total amount of product formed (or reactant B consumed)
normalized by the freestream concentration of reactant B, The con-

sumption rate of reactant B is

2

3 e
ag[B]max = [B—l (n‘t) 1 -erfa

The total amount of B consumed is
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Therefore

L —?
p-—lé_gf_z e ®
TR\Tm 1 -~ erfa °

The ratio of product to vorticity thickness is

_as

P_2 e % .
5 =7 To-erfa S¢ | (B. 10)

O ’ o)
<Note, ifP = f % dy in the same manner as the vorticity
“max
. P_4 e 1
#hlckness (Eq. B.3) then 5 =7 (I ~erfa) (Il Torfa) Sc )

P/b6 is independent of time. Thus if the interface is strained in
the direction normal to the vorticity vector so that no vortex stretching
occurs, then P/ is independent of stretching also, Further , as long
as the radius of curvature of the interface is large compared to its
thickness, the curved interface can be approximated as plane and

this solution (Eq. B. 10) is appropriate,
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APPENDIX C

Details of the Phenolphthalein Reaction

Since the ideal reaction is irreversible (see Section 3, 3), it was
desirable to minimize the degree to which the red product disappeared
in the reversible phenolphthalein reaction, The approach was to
operate at a large equivalence ratio, i.e., an excess of [OH]
reactant, so that an isolated reaction surface tended to move toward
the phenolphthalein reactant (see Appendix B). Now the chemical
product in a fast reaction is always produced at the reaction surface
and diffuses away down concentration gradients. Roughly speaking,
the freestream excess of (OH) caused the reaction surface to retreat
into the phenolphthalein reactant, leaving behind the bulk of the red
reaction product. Because this '"orphaned'" product found itself in a
region of ever increasing pH, it tended to remain as red reaction
product, reflecting the chemical equilibrium of its environment. Only
the small fraction of the red product which diffused toward the
phenolphthalein reactant found itself in a low pH environment and
thus reverted back into its reactants. Of course, this reverse reaction
locally releases (OH) reactant, altering its concentration profile,
For the plane reaction surface at an equivalence ratio of 10~® an
estimate of the fraction of red product which was '"lost' was obtained
by graphical means to be about 10% for pH_ = 12 and perhaps 40% for
pH_ = 11.

A difficulty associated with the phenolphthalein reaction is the
unfortunate tendency of the red product tg:disappear due to a secondary

reaction as the local pH increases above 11,5, Thus a compromise
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freestream value of pH = 11,7 was selected to minimize the secondary
reaction while still "tricking' the bulk of the red reaction product

to remain red.
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FIG.Il CLOSEUP OF WIGGLE FORMATION, U=49cm/sec,r
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