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ABSTRACT

The processes of entrainment and mixing are investigated in reacting and
non-reacting, uniform density, liquid mixing layers over a wide range of Rey-
nolds numbers. In non-reacting cases, a passive scalar technique is used to
measure the probability density function (pdf) of the composition field. Chemi-
cally reacting experiments employ a diffusion-limited acid-base reaction to
directly measure the extent of mixing. The diagnostics are based entirely on the
laser induced fluorescence technique. The fluorescence signal is measured by
self-scanning linear photodiode arrays using high speed, real-time computer
data acquisition. The systém is éapable of yielding species concentration data

with a spatial resolution of 100 um and a temporal resolution of 0.8 msac.

Results show that the vortical structures in the mixing layer initially roll up
with a large excess of high speed fluid in the cores. During the mixing transi-
tion, not only does the amount of mixed fluid increase, but the composition also
changes. It is found that the pdf of the mixed fluid, above the mixing transitien,
is quite uniform across the entire transverse extent of the layer. Furthermore,
it is asymmetric and biased toward the high speed fluid. Experimental evidence
indicates that the turbulent transport, in the cases studied, is dominated by
large scale structures and is not adequately described by standard gradient-
diffusion models. The fluid composition in the mixing layer, suggested by the
present results, is in qualitative agreement with many aspects of the recent
theoretical model of Broadwell and Breidenthal. The amount of product formed
in the layer is compared to Mungal's measurements in gas, and, it is observed
that the liquid layer has about 50% less product. The mean concentration of the

mixed fluid, for a mixing layer at a velocity ratio of 0.38, becomes constant at
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0.57 above the mixing transition. This corresponds to an entrainment ratio of

1.32, in agreement with the gaseous result of Konrad at the same velocity ratio.
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Chapter 1
INTRODUCTION

1.1. Background

Understanding chemically reacting turbulent flows is of importance in a
variety of engineering and technological applications. For non-premixed reac-
tants in the limit of fast chemistry, the chemical reaction rate is diffusion lim-
ited and, therefore, the chemical production rate cannot exceed the rate of mix-
ing of the reactants (Burke & Schumann 1928 and Hawthorne et al. 1949). It is
in this context that understanding the mechanisms governing turbulent tran-

sport and mixing becomes an important issue.

An important approach to the solution of chemically reacting flows has been
formulated in terms of the probability density function (pdf) of a passive scalar
(or contaminant) in the non-reacting flow. This has been the result of the work
of Toor (1962) who first related the behavior of the reacting system, under cer-
tain conditions, to that of the non-reacting case. The prediction of the pdfs

from fundamental principles has met with various degrees of success, however.

Virtually all the classical turbulent theories model turbulent transport of a
passive contaminant by linear mean gradient models and usually incorporate an
ad hoc estimate of the proportionality coefficient, the eddy diffusivity (Sreeniva-
san et al. 1981). With the discovery of large structures in various shear flows of
interest, the applicability of these models to such ﬁoﬁrs has been questioned.
Recent studies by Walker (1979) and Sreenivasan et al. (1981), in comparing the .
predictions of different turbulent mixing models with experimental results, have

concluded that the dominance of the large structures in the transport process



is an essential element that is missing in the modaels.

A recent attempt that does not employ the concept of gradient diffusion has
been the model of Broadwell & Breidenthal (1982) for mixing and chemical reac-
tion in a turbulent shear layer. They idealize the fluid states in the mixing layer
to be in one of three states : (i) unmixed, (ii) a homogeneous mixture at the
entrainment ratio, and (iii) in strained laminar diffusion layers between the free
stream fluids. Furthermore, their model provides a formalism which can
address the results for gases and liquids (i.e. fluids of differing Schmidt number)
by a single theory. Schmidt number S¢ = v/D is the ratio of the diffusion
coefficient of momentum to that of mass. Similar ideas have been later pro-
posed, in terms of a model for the pdf of a passive scalar, by Effelsberg & Peters
(1983). At this stage, there is need for quantitative experimental verification of
the new models especially as regards the mechanisms of turbulent mixing. Reli-
able measurements of the fluid composition in turbulent flows are necessary to

provide guidance for more sophisticated theoretical models.

The two-dimensional turbulent shear layer between two streams of different
velocities, see Figure 1, has played an important role in understanding of tur-
bulent shear flows in general. It is one of the simpler turbulent flows and is well
documented. The study of mixing in this fiow which is a mere recent focus of
attention has, however, been mos‘tly directed towa;rd the gaseous phase. Some
of the contributions in this area, in both reacting and non-reacting cases, are
represented by the work of Brown & Roshko (1974), Fiedler (1975), Konrad
(1978), Batt (1977), Wallace (1981) and Mungal (1983). Of particular interest is
the experiment of Konrad who measured the pdf of one of the mixing species in
a non-reacting gaseous layer using the passive scalar technique. His results pro-
vided an upper bound for the amount of chemical product for a low Schmidt

number fluid (gas Sc & 0.7). Recent measurements of Mungal, in a chemically



reacting layer, gave a direct estimate of the amount of chemical product.

Studies of mixing in liquid mixing layers are few. Dimotakis & Brown (19786)
qualitatively studied the mixing process in a very high Reynolds number flow.
Breidenthal (1978) made the first quantitative measurement of the extent of
mixing and the total amount of chemical product using an attenuation tech-
nique in a chemically reacting layer. Comparison of his findings with the results
of Konrad, and later Mungal, showed that the amount of product in a liquid (in
this case water, Sc & 800) is less than in a gas. This effect of Schmidt number
on the amount of mixing, not accounted for in the standard turbulent mixing
models, is included in the Broadwell- Breidenthal model. Breidenthal‘s results
provided information on the integrated amount of mixing and product in the
liquid layer. Quantitative measurements of the fluid composition and the chem-
ical product distribution have not been available. Such information would find
special significance in light of the Broadwell-Breidenthal model and would also
be expected to increase the present understanding of the processes of turbulent

transport and mixing.

The present effort is a continuation of Breidenthal's work and is aimed at a
detailed quantitative study of entrainment and miXing in a liquid shear layer.
The primary objective is to measure the pdf of the composition field over a
range of Reynolds numbers covering the extent of the mixing transition. This is
done using a passive scalar technique in a non-reacting layer (dilution experi-
ments) and is equivalent to Konrad’s experiment for a liquid. The dilution meas-
urements are complemented by chemically reacting experiments which, besides
serving as the testing ground for the ideas developed based on the non-reacting
results, allow the direct determination of the extent of mixing. These measure-
ments would be the equivalent of Mungal's experiment for a liquid. The merits

of the passive scalar and chemical reaction techniques will be discussed later in



this chapter. The diagnostics are based entirely on laser induced fluorescence
(LIF). The fluorescence signal is measured by self-scanning linear photodiocde
arrays using high speed, real-time computer data acquisition. A summary of
previous work using LIF is presented in the next section. The details of this

technique are given in Appendix A.

1.2. Laser Induced Fluorescence (LIF) |

The LIF technique has proven to be a very powerful tool in the study of mixing
and reacting flows. It is non-intrusive and capable of yielding detailed quantita-
tive, time and space resolved, measurements of species concentration with tem-
poral and spatial resolution not achievable by conventional means. Its develop-
ment at GALCIT, by P.E. Dimotakis, has been directed mainly toward reacting

and non-reacting liquid phase flows.

Non-reacting flow applications generally employ premixing of a fluorescent
organic dye with one of the mixing séecies which then becomes visible, in a
spatially-controlled manner, by a laser illuminated field (point, line or sheet).
Recording the fluorescence intensity allows a quantitative measurement of the
concentration of the mixing species, labeled by the dye, in the field of illumina-
tion since the fluorescence intensity is linearly proportional to the dye concen-
tration (Appendix A). Reacting flows use dyes whose fluorescence can be
suppressed or induced by a particular chemical environment. Fluorescein,
whose fluorescence is pH sensitive, has often been used in our laboratorsf
(Appendix A). Note that since the fluorescence behavior of this dye depends on
its local chemical environment, mixing can be monitored down to the molecular

scale.

Most of the available LIF data are of two types. Some have used sheet illumi-

nation and recorded the fluorescence on photographic film. These include



works of Dewey (1978), Liu et al. (1977), Bernal (1981), Dimotakis et al. (1982,
1983) and Koochesfahani et al. (1983). Others have used point illumination and
recorded the fluorescence intensity by a photomultiplier tube (Robben et
al. 1976, Dewey 1976 and Liu et al. 1977). Whereas point measurements have
offered quantitative results, they are not as useful as field measurements in the
flows dominated by large scale patterns. Even though it is certainly possible to
calibrate the photographic film as a quantitative recording medium, problems of
response nonlinearity, emulsion nonuniformity and reproducibility of a difficult

calibration procedure have limited its usage.

The alternative is provided by electronic, self-scanning, linear or 2-D image
afrays which allow the photographic film to be by-passed altogether. A first step
in this direction was the work of Dimotakis et al. (1982) who used line illumina-
tion and recorded the fluorescence data by a linear self-scanning photodiode
array. The output of the array was used to modulate an oscilloscope beam
driven synchronously in a raster scan fashion to produce an z-t diagram.
Kychakoff et al. (1983) have recently reported single-frame results of sheet
illumination. They detected the LIF signal using an image-intensified 2-D photo-
diode array camera (100 x 100 elements). Their multiple-frame capability, how-

ever, was limited to 26 frames of data.

In the present study, both line and sheet illumination were used. Sheet
illumination data were recorded photographically. Line illumination data were
recorded using a linear photodiode array. In this manner, real time, digital con-
centration data were measured across the field of illumination with a spatial
resolution of 100um and a temporal resolution of 0.8msec. The computer-
based data acquisition system was capable of acquiring multi-frame data. For
example, when recording 64 out of 512 pixels per frame, 38,400 consecutive

frames at 1,250 frames/sec were routinely acquired.



1.3. Passive Scalar vs Chemical Reactions

It was pointed out by Breidenthal (1978) that the passive scalar technique
always yields an upper bound to the actual molecular mixing. In using this tech-
nique (also referred to as dilution in this work), a passive scalar contaminant,
such as dye, is premixed with one of the streams. The concentration of dye
within a small sampling volume, determined by the resolution characteristics of
the measuring apparatus, is then recorded as a function of time. The difficulty
arises if the sampling volume is larger than the smallest mixing scales, as is usu-
ally the case. As Figure 2 illustrates, within the resolution of the measurement
device, it is impossible to determine whether the two fluids are mixed or not.
Breidenthal further points out that the problem of the finite probe sampling
volume can be solved by using a fast and irreversible chemical reaction of the
type A + B » P. If dilute reactant A is added to one stream and B to the other,
then the amount of product formed is equal to the amount of molecular scale

mixing between the two streams at the reaction equivalence ratio.

- With all the drawbacks associated with the passive scalar method in deter-
mining the true extent of molecular mixing, it nevertheless is the fastest way to
get an estimate of the composition field (i.e. the pdf). A dilution measurement,
in one single experiment, yields information about mixing at all mixture ratios.
It is certainly possible to determine the pdf from chemically reacting data with
much better accuracy in representing true mixing (see Wallace 1981), but that
would require many experiments at different reaction equivalence ratios. In
view of this discussion, dilution was used to estimate the pdfs. Chemically react-
ing measurements were also.conducted, however, to insure the integrity of the

conclusions reached on the basis of the dilution data.



Chapter 2

EXPERIMENTAL FACILITY AND INSTRUMENTATION

Three sets of experiments were performed in two shear layer facilities. The
first set was qualitative in nature and is here referred to as the ' sheet illumina-
tion " experiment. The last two sets were detailed and quantitative and are here
named the "line illumination " experiments. The apparatus used for each set of
experiments and the corresponding instrumentation and data acquisition are

described below.

2.1. Sheet [llumination

This experiment was aimed to study some implications of the entrainment
asymmetry in a chemically reacting mixing layer. A small short flow time setup
was used to observe the fluorescing chemical product in a region of the flow

illuminated by a laser sheet,

2.1.1. Shear Layer Apparatus. The shear layer was produced in .a small
blow-down facility, in which the chemical compeosition of each of the two free
streams could be prepared to any concentration. This apparatus is the result of
the work of many pebple with the latest modifications incorporated by
P. E. Dimotakis and the author. A gaseous nitrogen supply system, regulated
through separate sonic orifice metering valves, maintained the free stream flow
velocities nearly constant. Transients and possible U-tube oscillations were
minimized by placing two large vessels in the gas supply route. The effective
capacitance of these vessels in conjunction with the resistance in the supply
tube allowed for adequate damping of the whole system (see Figure 3). Free

stream velocities were determined by measuring the rate of drop of free



surfaces of the two reservoirs. Dimensions of the test section were 3.5¢cm in

width and 23.5 cm in span.

2.1.2. Optical Selup & Data Acquisilion. The schematic of the optical setup
is shown on Figure 4. A 3 ¥ argon ion laser (Coherent Radiation CR-3) beam
was passed through a combination of spherical and cylindrical lenses to produce
a sheet, about 1 mm in thickness, illuminating a portion of the test section. All
lines of the laser were used in this experiment. A motor driven 35mm camera
was used to photograph the resulting fluorescent chemical product on normally

developed Kodak TR/ =X film.

2.1.3. Free Stream Fluid Preparation. The base solution was prepared by
adding concentrated sodium hydroxide (NaOH) of technical grade to soft water
and the acid solution by adding pure sulfuric acid (H3;S0,) to water. Fluorescein
dye was added to the acid to a concentration of about 25 %X 1077 #/ and both
solutions were thoroughly mixed. For these experiments the concentrations of
the acid and base solutions were selected in such a way so as to require 1.8 part
(in volume) of the basic solution to titrate one part of the acid solution and
cross the threshold for fluorescence (see Appendix A for a sample titration
curve). This ratio was checked visually. The fluorescence on/off transition was
very sharp in this case and was of the order of one part per mil, based on the

mixture volume ratio (Koochesfahani et al. 1983).

2.2. Line lllumination; Dilution.

This experiment forms the major portion of this work. It was aimed at
measuring the concentration field and its probability density function (pdf). The
flow time required to collect sufficient amount of data for reliable statistics was
longer than that offered by the small facility used in § 2.1. Breidenthal’s shear

layer apparatus was found suitable for this purpose and was used instead.



2.2.1. Shear Layer Apparalus. Experiments were conducted in the water
mixing layer facility designed by Breidenthal (1978). It is a gravity driven
apparatus in which the free stream fluids are supplied from two independent
reservoirs. A schematic of this apparatus is shown on Figure 5. Desired flow
speeds were achieved by adjusting the throttling valves and test section free
stream velocities were calculated from total and static pressure measurements

as described by Breidenthal (1978).

2.2.2. Optical Setup. The beam of a 3 # argon ion laser (Coherent Radiation
CR-3) was passed through a converging lens to produce a thin beam (diameter
in the range 0.5 to 1 mm ) coincident with the transverse direction of the mixing
layer at the mid-span position. Variations of the beam diameter along the 7cm
width of the test section were minimized by using a long focal length lens. The
schematic of the optical arrangement is shown on Figure 8. The titration-
reference chamber on this figure was a necessary addition for the chemically

reacting runs and was not used in dilution experiments.

The fluorescence intensity along the beam was measured by a 1024 element
linear photodiode array (Reticon, RL -1024G). Characteristics of this array are
described in Appendix B. The array and its supporting electronics were
configured in such a manner as to allow their usage similar to an ordinary cam-
era, with the exception that the photographic film in the film plane was replaced
by the photodiode array (see Figure 7). This configuration was originally
designed and built by R.Miake-Lye (Dimotakis et al. 1982) with subsequent

refinements incorporated by the author in collaboration with D. Lang.

High temporal and spatial resolution require fast scanning rates of the array
at low magnification ratios, whereas to image the entire width of the layer with
sufficient output signal level asks for higher magnification ratios and slower

scan rates. To satisfy these conflicting requirements, a magnification ratio of
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about 1/4 was used for which only half of the array was needed to view the
visual width of the layer. The array was short cycled to operate as a 512 element

array, thereby also increasing the scan rate by a factor of 2.

A Nikon lens (f /1.2, 50mm f.l.) was chosen as the imaging lens. This choice
was dictated by the need to maximize the amount of collected light. At the low
conjugate ratio of 1/4, however, severe image nonuniformity was observed since
this lens is optimized for infinite conjugate ratio. The image could not be
focused uniformly all across the array. This problem was solved by placing in
front of the Nikon lens a copy lens (Bausch & Lomb f /4.5, 209mm f.1.),
matched to the Nikon to give the required magnification ratio, such that both
lenses were working at near infinite conjugate ratio in the modified arrange-
ment. This lens combination resulted also in a slight increase in the amount of
light collected and was used in all the dilution experiments. The actual
magnification ratio in these experiments turned out to be 1/3.9 resulting in a
spatial resolution of about 100um x 100 um (see Appendix B for a short discus-

sion on resolution).

Even though the reservoir fluids were filtered, scattering of the laser light,
mainly at 4880 and 51458 &, by unwanted particles was observed. This could
potentially cause erroneous results, because software identification and removal
of scattering signal from fluorescence data are not particularly easy. Using an
orange photographic filter (Hoya No.15) effectively blocked any scattered light
below 5200 A.

2.2.3. Data Acquisition. Data acquisition support was provided by the
HYDRA-1 computer of the HYDRA system which was designed and configured by
P. E. Dimotakis and D. B. Lang. HYDRA-1 is based on a PDP-11/23 CPU with a
Floating Point Accelerator, 1/4 Mbyte of main memory and BO Mbytes of high
speed (1 Mbyte /sec, Winchester) disk storage. It is also equipped with a variety
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of multi-channel input/output devices for data acquisition and control pur-
poses. Reticon array data were acquired by the ADC board which is a single
rchannel A/D system capable of performing B-bit conversions at a rate of 107
conversions/sec. A more detailed description of this device can be found in

Appendix B.

The array was clocked at 640 KHz corresponding to a scan time (or temporal
resolution) of 800 usec, or a scan rate of 1250 scans/sec. Only one case was run
at B msec scan time (64 KHz clock) to investigate the effects of poor temporal
resolution. Sharing the computer bus cycle time between the ADC board and
the disc controller allowed a rﬁaximum data rate of 150 AKbytes /sec at the time
these experiments were being performed. This rate was the fastest at which
large amounts of data could be digitized and transferred to the disk continu-
ously. A data record of a length equal to the system memory could, however, be

acquired and transferred to memory at 1.2 Mbytes /sec (see Appendix B).

Slowing down the array to accommodate the maximum data rate, discussed
above, would compromise the temporal resolution. We decided, instead, to digi-
tize 1 out of every 8 pixels. This, in effect, reduced the data rate to 80 KHz
without compromising the intended spatial and temporal resolution of each
pixel. The array was clocked by a master function generator, whereas the ADC
board was run by a clock obtained from the master clock by a divide by 8 cir-
cuit. With this arrangement, we could obtain large (up to the disc capacity)
amounts of concentration data, continuously, at 64 points across the layer
essentially simultaneously. The amount of data taken per run typically
corresponded to the passage of about 100 structures or approximately 2.5 x 108
numbers (pixels). Some data were also taken at the array clocking rate which
corresponded to 384 successive scans, each at 512 points across the layer, for a

total of 196,808 measurements of point concentration. These, however,
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corresponded to a flow time of about 300 msec (time to fill the system memory
at 840 KHz) or the passage of at most a few structures. The large amounts of
data generated by this technique were stored on hard disc and magnetic tape

for further processing.

2.2.4. Free Stream Fluid Preparafion. Preparing the free streams was quite
easy in these experiments since there was no chemistry invelved. The low speed
free stream fluid was prepared by adding fluorescein dye to water to a concen-
tration of about 5 x 10~ M, whereas the high speed free stream was pure water.
Both solutions were run through a filter for about an hour to remove any

scattering particles.

2.3. Line Illumination; Chemical Reaction
This experiment was performed to measure space and time resolved product
concentration in a chemically reacting shear layer in order to examine some of

the ideas developed based on the dilution results.

2.3.1. Shear Loyer Apparatus. Breidenthal's facility was used for this work
also. The apparatus was modified by R. Roberts to include a titration-reference
chamber (see Figure 8). Whereas the reference dye concentration in the dilution
experiments was available from the low speed free stream, no such information
could easily be obtained from within the layer in the chemically reacting case.
The reference information was provided in the titration-reference chamber,
which contained, for each run, the titrated acid-base solution corresponding to
the maximum possible product concentration for that run (see Appendices A, C

and D).

The free stream velocities were measured by a single channel laser Doppler

velocimeter (LDV). The LDV apparatus was built and operated by R. Roberts.
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2.3.2. Optical Setup & Data Acquisition, Optical and data acquisition
arrangements were essentially the same as that described in § 2.2 with some
minor differences. A Lexel (model 95) ion laser was used at the single 5145 & line
(2 # maximum power). A single Macro lens (Vivitar, f /2.8, 90mm f.1.) imaged
the test section and the titration-reference chamber onto the 1024 element
Reticon array, all of which was utilized for these experiments. The image ratio
was measured to be 1/3.68, which corresponded to a spatial resolution of

approximately 90 um x 80 um.

The array was clocked at 512 KHz correspoﬁding to a scan time (or temporal
resolution) of 2msec. With the technique described earlier, 1 out of every 4 pix-
els were digitized to put the effective data rate well within the maximum for con-
tinuous recording which, by this time, had reached 300 Kbytes/sec. This
arrangement allowed us to record large (as limited by the disc’s capacity)
amounts of product concentration data, continuously, at 256 points across the
layer simultaneously. The amount of data taken for each run corresponded, as

before, to the passage of roughly 100 structures,.

2.3.3. Free Stream Fluid Preparation, The‘free streams were prepared in
essentially the same manner as that described in § 2.1.3. The highest dye con-
centration used was 107° /. The equivalence ratio for fluorescence "turn-on”
was determined by measuring the titration curve of fluorescence intensity
versus base mixture fraction by the Reticon array. One such curve is shown on
Figure A2 of Appendix A. The titrated solution remained in the titration-
reference chamber during the course of the run and provided the reference pro-
duct concentration. Densities of the two sides were matched, when necessary,
by adding a sufficient amount of sodium sulfate (NapzS0,) salt to the acid/dye

solution (see § A.3.1).
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Chapter 3

CHEMICALLY REACTING EXPERIMENTS ; SHEET ILLUMINATION

Work of Konrad (1978), in a gaseous mixing layer, suggests that the entrain-
ment into the layer is asymmetric in favor of the high speed fluid. The experi-
ment decribed in this section was designed to explore the implications of the
entrainment asymmetry and to monitor the chemical environment, on a molec-
ular scale, of the mixing fluids in a liquid mixing layer. Results discussed hers

have been presented elsewhere {Koochesfahani et al. 1983).

3.1. Experimental Conditions

The free stream velocities were set with U, = 42 cm /sec on the high speed
side, and a low speed side corresponding to a velocity ratio Uy/U; = 0.45. Con-
centrations of the acid and base solutions in the free streams were such that it
required mixing 1.8 volumes of base to 1 volume of acid to reach and cross the
fluorescence threshold. Two sets of runs were made under identical flow condi-
tions and optical setup. In the first set, the acid solution was placed on the high
speed side with the base on the low speed side. For the second set, the chemicals
were reversed. Typical results are shown on Figure 8. The visible portion of the
apparatus in the photographs corresponds to a downstream region of
105 cm < z < 22.5 cm, as measured from the tip of the shear layer splitter

plate, and a Reynolds number range of 2130 g Reg,, < 6100, based on the velo-

city difference and the local visual thickness.
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3.2. Results and Discussion

Figure 8 shows the regions of mixing and chemical reaction in a thin slice at
the mid-span of the shear layer. The fading of the fluorescence intensity toward
the left and right edges of the photographs is due to the gaussian distribution of
intensity in the laser sheet. With the base on the high speed side (Figure 8b),
the equivalence ratio of the experiment is ¢ = 1.8 and any fluid that is mixed to
a high speed fluid volume fraction of £ > ¢/(1+¢) =0.64 is visible through its
fluorescence (see § D.2.1 and Figure D.3). When the base is on the low speed side
(Figure Ba), ¢ = 1/1.8 and the mixed fluid in the range £ < 0.36 fluoresces. It is
important to keep in mind that the photographs in Figure 8 are of the same
flow. One conclusion can readily be made. There is a much higher probability of
finding mixed fluid of &€ > 0.64 than ¢ < 0.368. The composition of the mixed
fluid, at this Reynolds number, is asymmetric and strongly biased toward the

high speed fluid.

It is also instructive to examine Figure 8 in terms of the chemical product.
Note that the reaction product is found in regions associated with the large
vortical structures in agreement with the observations of
Dimotakis & Brown (1976), Breidenthal (1978, 1981) and Mungal (1983). Furth-
ermore, there does not seem to be any significant systematic variation of the
fluorescence intensity across the width of the mixing layer in Figure Bb, imply-

ing that the mixed fluid composition could be fairly uniform.

Based on the properties of the TRI-X film (approximately 2 decades of latitude
for normal development), the amount of chemical product, defined here opera-
tionally as the fraction of the fluid whose pH is in excess of the fluorescence
threshold, can be estimated. The difference in the amount of product between
the two cases is of the order of two orders of magnitude. It should be kept in

mind, however, that this is not the amount of product in the usual sense
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because only the product corresponding to the mixed fluid in a selected range of
compositions has been examined. Similar results have been obtained by R.
Roberts in the Breidenthal facility under comparable conditions using phenol-
phthalein as pH indicator (private communication). The result that the amount
of chemical product, in the same flow, depends on which side the reactants are
placed (corresponding to runs at ¢ and 1/¢) is a direct consequence of the
asymmetry of the mixed fluid composition. This effect has also been observed

by Mungal (1983) in his chemically reacting gaseous mixing layer.

The results can be understoed in part in terms of a simple mixing model pro-
posed by Broadwell & Breidenthal (1982). According to this model, the shear
layer entrains a certain ratio of high speed fluid to low speed fluid. The
entrained fluid from the two sides of the shear layer mixes and homogenizes at
a composition corresponding to this entrainment ratio. In addition, there are
contributions from the strained 'flame sheets’ belween the two fluids, which in
the case of liquids (high Schmidt number), would be small. Present results
agree with these ideas to the extent that the mixed fluid composition is asym-
metric in favor of the high speed fluid as Konrad's entrainment result would
suggest, and that the reaction occurs more or less uniformly across the shear
layer. The photographic evidence presented here, however, implies a much
higher degree of asymmetry than that supported by the pdf data of Konrad and
his entrainment ratio value of 1.3 for a gaseous mixing layer at a velocity ratio
of 0.38. The reasoné for this will be made clear in the next chapter, but for now,
it suffices to say that at low Reynolds numbers the composition of the mixed
fluid is affected also by the initial conditions at roll-up and not determined

solely by the entrainment ratio.

It should be pointed out that the results presented above cannot be explained

by a gradient diffusion model of turbulent transport. Note, for example, that
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the reaction zone is not driven from one side of the layer to the other by the
change in ¢ from 1.8 to 1/1.8, as would be expected from such a

model (Broadwell & Breidenthal 1982, Koochesfahani et al. 1983).

An experiment of the type described in this chapter which employs switching
of the sides of the reactants to achieve equivalence ratios of ¢ and 1/¢ in the

same flow is referred to as a " flip " experiment hereafter in this work.
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Chapter 4

DILUTION EXPERIMENTS ; LINE ILLUMINATION

This chapter describes an experimental study of the concentration field in a
constant density, aqueous plane mixing layer. All measurements were carried
out at a velocity ratio of » = Uy/U; = 0.38 except for the test case in § 4.1. The
fluorescent dye, which was premixed with the low speed free stream fluid and
diluted by mixing with the high speed fluid, was used to monitor the relative
concentration of high speed to low speed fluid in the layer. No chemistry was
involved and the dye acted as a passive scalar. The fluorescence intensity was
measured along a laser beam, extending across the width of the shear layer,
using a 512 element linear photodiode array. The data reduction steps to calcu-
late the normalized concentration of the high speed fluid, £, from flucrescence

intensity data are discussed in Appendix C.

The resoclution area in each case will be given in the form Az X Ay . Az is the
effective resolution in the flow direction and is the sum of the static resolution
(100 um) and the distance the flow moves during the scan time. The convection
velocity, U, = (U, + Uz )/2, was used as the reference velocity and the scan time
was 0.Bmsec. The resolution in the transverse direction, Ay, was fixed at
100um and in the spanwise direction, Az, was about 500um. See Appendix B
for a discussion on resolution. Note that the actual effective resolution varies
across the layer, being better on the low speed side, relative to the high speed

side.

In the absence of any velocity fleld measurements, an alternate transverse
reference length scale to the conventicnal vorticity thickness, §, had to be

chosen. A reference thickness, 4,, was defined as the 1% width of the total mixed
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fluid probability, P(y), where P had dropped to 1% of its maximum value.
Definition of £ and all other statistical quantities used in this chapter are given
in Appendix D and are not repeated here. The main motivation for this choice of
thickness was that the two points marking the edges of §;, generally
corresponded to locations in the layer where the probability of finding pure H.S.
and L.S. fluids had reached 0.99 and this was thought to be a reasonable way of
determining the visible edge of the mixing layer. As a matter of fact, in the
cases where the visual thickness, dyg, of the layer could be directly measured,
such as that in § 4.2, excellent agreement between 4, and &, was obtained.
Furthermore, in the high Reynoids number case of § 4.3, it was found that the
growth rate of d,, dd, /dz, agreed with that of the visual thickness, dé,, /dz, as
given given by Brown & Roshko (1974), to about 5%. Brown & Roshko determined
a layer widih, from their mean densily profiles, corresponding to the distance
between the points where the mean density was within 1% of the free stream
values. They found that this width coincided fairly well with the layer visual

thickness. In view of this discussion, ¢, and é,,; and hence Reg, and Re, e DAVE

been used interchangeably in this study.

It should be pointed out that the location y =0 is of no particular
significance and was arbitrarily chosen to coincide with the point where the
total probability of finding mixed fluid was at a maximum (i.e. position of max-
imum P(y)). The pdfs reported here are based on data records corresponding
to the passage of roughly 100 structures. It is sometimes useful to represent
the whole layer by an average pdf, §(¢). This quantity has been calculated as an
average over approximately 63% of the visual width of the layer (see equation

D.7).

The experiments discussed in this chapter were performed in the Breidenthal

facility over a range of Reynolds numbers covering the extent of the mixing
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transition. The mixing transition, in the shear layer, is a region corresponding
to the introduction of small-scale, three-dimensional motions into the layer. It
was first observed by Konrad (1976) in a gas flow and later by Breidenthal (1978)
in a liquid shear layer, with further work done by Bernal (1981). Breidenthal
found that the amount of mixing and hence the amount of chemical product, in
the case of a liquid, was very small below the mixing transition. Above the tran-
sition, mixing and the amount of chemical product increased dramatically and,
furthermore, reached an asymptotic value. In the transition region between
these two limits, the amount of mixing increased monotonically. The flow
parameters, in the present experiments, were determined on the basis of
Breidenthal's data which indicate that the region of transition, in his apparatus
at a velocity ratio 7 =0.38, is confined to a Reynolds number range of
3000 g Reg £ 8000, where the Reynolds number is based on the velocity
difference and the vorticity thickness. As will be shown later (equation 4.3b),

this range corresponds to 6300 g Res < 17000, where the Reynolds number is

based on the velocity difference and §,.

4.1. A Test Cazse

A sample run was made at a low Reynolds number in order to evaluate the
performance of the technique and data acquisition hardware and software. The
data were recorded at z = 18 cm with U, = 13 cm/sec and r = 0.48. The visual
thickness of the layer, 4,4, was estimated to be about 256 mm, resulting in a Rey-

nolds number Res ~ 1,750. The effective resolution area, under these condi-

tions, was 178 um x 100 um.

The raw output of the array for a single scan is shown on Figure 9. This is
how the array output would look if it were displayed on an oscilloscope, with

each step in the drawing corresponding to an individual pixel. Only 230 pixels
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out of 512 are shown, as the pixels outside the range displayed were imaged on
the free streams. The output is near zero in the H.S. free stream signifying the
absence of any fluorescent dye there. In the L.S. free stream, however, the out-
put is at maximum corresponding to the presence of pure dye solution. In order
to see the structure of the flow, consecutive scans of the array were plotted
sequentially, in reverse time sequence, and assembled into the picture in Figure

10. This picture represents 384 successive frames in 307 msec of flow real time.

Generating flow pictures in the form of Figure 10 is very time-consuming and
cumbersome. Digital LIF data can be more readily displayed on image process-
ing monitor screens. Two photographs recorded from such a screen (Conrac
Monitor) are shown on Figure 11. Figure 1la is the same as that in Figure 10
except that 400 (out of 512) pixels across the layer are shown and pseudo-color
assignment, corresponding to different H.S. fluid concentration levels, was used
to assist in the interpretation of the data. It should be emphasized that, techni-

"

cally speaking, these are not " photographs The vertical extent maps onto
40mm of the transverse coordinate of the shear layer. The horizontal extent is
time (running backwards). The picture was constructed in the computer by
transmitting to the image processor, in reverse order, consecutive scans of the
array for processing and display. Flow images of the type in Figure 11 are used
throughout the rest of this work instead of the more conventional plot of Figure
10. The pseudo-color assignment was standardized to the one shown in Figure
11 with red corresponding to pure L.S. fluid (¢ = 0), blue to pure H.S. fluid
(¢ = 1) and the rest of the rainbow spectrum to the intermediate values of £.
This color assignment was generated by setting the intensity transformation

tables of the red, green and blue guns of the color monitor according to the

diagram in Figure 12.
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Figures 9, 10 and 11 show that the concentration field in this case is rather
simple. It consists of only pure high speed and low speed fluids with very little
mixing, if any, at the interfaces separating the two free stream fluids which,
under these conditions, may be outside the resolution capabilities of our tech-
nique. This is essentially the case of the shear layer before the mixing transi-
tion, as defined by Breidenthal (1978). The large excess of high speed fluid in
.the core of the structures in Figure 11 is noteworthy and will be discussed in

more detail in the next section.

4.2. Low Reynolds Number; before the Mixing Transition

Even though the flow images of the previous section show the essential
features of the concentration field prior to the mixing transition, a more
detailed study of this case was undertaken to map out the pdf of the flow. An
explanation of the initial composition asymmetry, manifested by the large

excess of high speed fluid in the structure cores, is also given.

The experiment was performed at z =7em with U, =30 cm/sec and
r = 0.38. The width of the layer was measured to be §, = 148 mm, resulting in a

Reynolds number of Res & 2,800. The effective resolution area, under these

conditions, was 266 um x 100 um.

Time traces of relative concentration of H.S. fluid, £, are shown at seven loca-
tions across the layer in Figure 13, Each time trace is composed of 500 con-
secutive data points connected by straight lines. The basic feature of the flow in
this regime is that any given point in the layer spends most of its time in either
pure H.S. or L.3. fluid. There is very little mixing and that occurs at the inter-
faces between pure fluids from the two sides. These interfaces are buried in the
transition regions from ¢ = 0 to 1 in the time traces. The sharpness of the tran-

sition is indicative of the ability (or lack thereof) of the measuring device to
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resolve a thin moving interface. The probability density function of the concen-
tration fleld at selected points in the layer is shown in Figure 14. Any value of
probability higher than 25 is not shown. Note that the pdf, in this case, is
characterized by two delta functions located at ¢ = 0 and 1, the heights of which
depend on the location in the layer, with practically no mixed fluid in between.
It is clear that if this shear layer were carrying reactants in its free streams, the
amount of chemical product would be very small in agreement with the meas-

urements of Breidenthal (1978).

In order to see the underlying structure of the flow, the picture of the whole
layer corresponding to the time interval of the data of Figure 13 was con-
structed in the manner described in the previous section (see Figure 15). Each
strip corres;;onds to a particular y location, with the ones labeled by the white
markers being the specific time traces of Figure 13. The horizontal axis, as
before, is time running backwards. For reasons explained in Chapter 2, one out
of every eight pixels was digitized for the data of the type described here and
therefore the distance between the strips (points) is about 800 um. The average
pdf, p(£), corresponding to the whole data record is shown below the image. The
height of the delta functions representing the free streams are again no£ drawn
to scale. It can be seen that the flow consists of vortical structures at an early
stage of roll-up. Previous conclusions can now be better interpreted. As before,
the large excess of high speed fluid in the structure cores is quite evident.
There is very little mixing and that occurs at the interfaces separating pure high

and low speed fluids.

The pdf of the composition field across the entire layer, shown in Figure 186,
was used to calculate transverse profiles of some quantities of interest (Fig-
ure 17). Attention is drawn to the probability of finding pure H.S. fluid defined

by the probability of finding fluid of concentration in the range 1-sg< =< 1,
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where £ = 0.031 (see Appendix D). It has a distinct "hump " in the middle of the
layer which, upon closer inspection, was found to be due to the very large excess
of high speed fluid in the cores referred to earlier. In accord with this behavior,
the probability of finding pure L.S. fluid, defined by all the fluid in the concen-
tration range 0 =< ¢ <g, has a rather flat region in the center of the layer. The
average high speed fluid concentration, £, which is given by equation D.4, is con-
sistent with these observalions. The total probability of finding mixed fluid,
P(y), is the area under the pdf, excluding the free stream delta functions, and
in a way represents the amount of mixing in the layer. It should be born in
mind that P(y) shown in Figure 17a overestimates the amount of mixing
because of the lack of resolution discussed earlier. The average mixed fluid con-
centration, . is shown for the sake of completeness. It is not believed to be of
much value since there is very litile mixing in this case and, as might be
expected, most of the data that have been labelled as mixed fluid are uniformly
distributed between £ = 0 and 1. It should be pointed out that this was the only
set of data for which the point ¥ = 0 was not chosen to be the location of max-
imum P, and instead the point at the peak of the " hump " in the pure H.S. pro-

bability was used.

4.2.1. The Initial Composilion Asymmefry. The roll-up of the vortical struc-
tures in the mixing layer, subsequent to the exponential growth of disturbances,
is not symmetric in ¥ and is such that a much larger amount of H.S. fluid than
LS. is initially entrapped (Figures 11 & 15). Although there is evidence of this
behavior in the literature, it seems to have been gone unnoticed. Such evidence
can be found, for example, in the smoke pictures of Freymuth (1968) in the
shear layer at the exit of a round jet and laser induced fluorescence pictures of
Gharib (1983) of the roll-up in the shear layer over a cavity. This initial asym-
metry has important implications on how the composition of the mixed fluid

evolves during the mixing transition which will be addressed in § 4.5. Note that
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if, by some mechanism, the core were to homogenize instantaneously, then the

mixed fluid composition would be (less than, but) quite close to unity.

Most temporal calculations of the mixing layer have produced symmetric pat-
terns and cannot explain the cbservations discussed above. The stability calcu- -
lations of temporally growing disturbances (Michalke 1965), temporal growth
and roll-up of an infinite uniform vortex sheet (Jimenez 1980), as well as the
"cat’s eye " solution of Corcos & Sherman (1976) fall in this category. The sta-
bility calculationé of the spatially growing disturbances by Michalke (1965) and
Michalke & Freymuth (1966) do, however, contain many of the essential features
;)bserved. The streakline pattern during rolling-up calculated by Michalke &
Freymuth (19686) is shown in Figure 1B8a. This calculation was made at max-
imum amplification for the hyperbolic-tangent velocity profile. Even though the
applicability of a velocity profile of this type to the initial region of the mixing
layer is questionable, and a profile with a wake component may be more
representative, it is nevertheless believed that Figure 18a can be applied to the
actual situation. An argument in support of this conjecture is that the natural
roll-up wavelengths are long, compared to the transverse extent of the velocity
profile, so that the details of the initial velocity profile may not be important.
The streakline that starts at the center of vorticity (y = 0, @ = -0.5) is shown in
Figure 18b(I). If it is assumed that this is the dividing streakline that peels off
the splitter plate, then this will also be the boundary between pure L.S. and H.S.
fluids, The low speed fluid has been cross-hatched and it can be seen that the

roll-up process results in an excess of high speed fiuid in the core,

An interesting point is that our data (including other records not presented
~ here), those of Freymuth (1966), and Gharib (1983) all show that the actual roll-
up dividing streakline resembles Figure 18b(II) much more closely. This is the

streakline that originates below the center of vorticity. It was suggested by P. E.
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Dimotakis that the initial velocity profile of the mixing layer, as it peels off the
splitter plate (basically two boundary layer profiles), is such that the center of
vorticity is above the splitter plate. In any event, the initial composition asym-
metry can be argued for on the basis of the spatial instability of the mixing

layer.

4.3. High Reynolds Number; after the Mixing Trangition
These measurements were recorded at z =25 em with U, = 70 em /sec and
r = 0.38. The shear layer thickness was measured to be ¢, = 52.7mm, resulting

in a Reynolds number of Res ™ 23,000. The effective resolution area, under

these conditions, was 486 um X 100um.

A " photograph " of the composition field is presented in Figure 19. It was
prepared in the same fashion as Figure 11. The change in the apparent aspect
ratio of the large structures is due to the fixed scanning rate that was used in
these measurements and the increase of the free stream velocities in order to
raise the Reynolds number. This photograph contains all the essential features
of the flow in this regime. The vortical motion of the structure brings in fresh
fluid from the H.S. side (blue) all the way down to the L.S. side (red) and vice
versa. The most striking result is the rather uniform composition of the fluid
inside the structure which is more or less all green. The color has no tendency
toward blue as the H.S. side is reached or towards red on the L.S. side. One way
to view this uniformity is that the cores of the structures are very efficient
mixers. The fluid on top will soon be found on the bottom due to the large cir-
cumferential velocities associated with the vortices. As a matter of fact, these
velocities could be so high as to cause instantaneous regions of reversed flow

(Dimotakis et al. 1981).
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Time traces of the high speed fluid concentration and their pdfs are shown in
Figures 20 and 21. The flow image, Figure 22, shows that these traces (labeled
by white markers) correspond to the passage of large scale structures. The
average pdf, p(£), is included to aid interpretation of the color assignment to
various concentration levels to be found in the layer. The lateral composition
uniformity, alluded to earlier qualitatively, can now be examined quantitatively.
The most significant feature is that the functional form of the mixed fluid paf
changes very little across the mixing layer (Figure 21). This méans that a given
concentration of mixed fluid has roughly the same probability, relative to other
concentrations, of being observed regardless of the position in the layer. There-
fore, to the first order, we may think of the mixing layer as composed of struc-
tures filled with mixed fluid of spatially uniform composition. The absolute
mixed fluid probability, at a given lateral point, would then be proportional to
the fraction of time that the observer spends inside the structures. The support
for this description may be better seen in Figure 23 where the pdfs of all the
points are shown. It is interesting to note that it is as a consequence of this uni-
formity that §(£) becomes a useful quantity, with which one can characterize

the entire layer.

Another notable feature is that the composition is asymmetric and biased
toward the high speed fluid. The average concentration of the mixed fluid for
the whole layer, Cy, was calculated to be 0.60 indicating a mixture of 1.5 parts of
HS. to 1 part of L.5. fluids. If the notion of entrainment limited mixing above
the mixing transition is correct, to the extent that the composition of the mixed
fluid is determined by the amounts entrained from the two sides, we would con-
clude that the entrainment ratio, £, is 1.5. Unfortunately, due to a variety of
reasons, it is practically impossible to get the value of £ from dilution data.
There are two prime reasons for this difficulty. First, the lack of adequate reso-

lution of the measuring device overestimates the value of Cy. Second, Cy may
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not have attained its asymptotic value at this Reynolds number, since the mixed
fluid composition is in a state of evolution during the mixing transition and it is
not clear, from the present dilution data, when the asymptotic value is reached.

These issues will be addressed in more detail in subsequent sections.

Certain features of this flow can be better seen in the transverse profiles of
Figure 24. The smooth curve through the data peints of P(y) is an exponential

fit of the type (after Mungal 1983)

- 2 3 4
P(y) = (cp tesy + oy +ogy” + o u%) (4'1)

and the curve for pure L.S. and H.S. fiuid probability, in the area with no data
points, is 1-P(y) obtained from the fitted P(y) described above. The fact that
the maximum of the total mixed fluid probability is less than unity, indicates
that the probability of finding unmixed fluid is never zero, even in the center of
the layer. Most of the pure fluid in the center is found in the tongues of fresh
fluid taking part in the entrainment process, but there are also small patches of
still unmixed material in the cores, as can be seen on the photographs. The
average mixed fluid concentration shows little variation in ¥, consistent with the
transverse uniformity of the pdfs. Note that t:,he average H.S. fluid concentra-
tion, £, has a peculiar shape characterized by three inflexion points. Similar
behavior can be found in the average density profiles of Brown & Roshko (1974)
in their study of a gas mixing layer with different densities, the average concen-
tration profiles of Konrad (1978} in both equal and unequal density gas shear
layers, and the average temperature profiles, in a heated mixing layer, of
Rajagopalan & Antonia (1981). Mean temperaure measurements of Fiedler
(1975). in his heated mixing layer, have the same structure which, he conc.hlded,
suggests a transport mechanism in which large scale motion plays an important

part.
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4.3.1. Comparisons. Two recent theoretical attempts to calculate the proba-
bility density function of a passive scalar in turbulent shear flows, at high Rey-
nolds number, are those of Pope (1981) and Kollmann & Janicka (1982). Pope
modeled the i:urbulent transport by simple gradient diffusion and used a Monte
Carlo method to simulate and solve the equations. Kollmann & Janicka also
used a gradient-flux closure model and complemented it by the standard & —¢
turbulence model to provide turbulent diffusivity and time scale. Results of
both of these studies, for the mixing layer, compared well with the measure-
ments of the temperature pdf in a gaseous shear layer by Batt (1977). It is
believed that these calculations should also be applicable to the present case of
a liquid, since they do not explicitly depend on the mass diffusion coefficient, or
in the non-dimensional form, the Schmidt number Sc. A comparisén between
the calculated pdf of Kollmann & Janicka and that measured in this investiga-
tion is shown in Figure 25. The two essentially point to totally different mechan- .
isms for turbulent transport. The calculated pdfs change from point to point
across the mixing layer and are more or less centered around the local mean,
whereas the functional form of the ones measured remains very much the same
all across. Note, for example, the trend of the peaks in the calculations as
opposed to their relatively fixed position in the measurements. Our results indi-
cate that turbulent transport, in this flow, is not a diffusive process and hence
cannot be adequately decribed by gradient-diffusion models. Comparison with

the findings of Pope lead to the same conclusions.

Konrad (1976) measured the probability density function of mixing, in a gase-
ous shear layer, with a concentration probe (see Brown & Rebollo 1972) using a
passive scalar technique. The general structure of his pdfs is very similar to
those for a liquid (see Figure 26). The average mixed fluid concentration, for
the two cases, are shown in Figure 27. There seems to be more transverse varia-

tion in the case of the gas. It can not be said with certainty, however, whether
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this is a true gas-liquid difference.

The evidence discussed so far, particularly Figure 23 and the photographs,
suggests that any poirit in the mixing layer, in the case of a liquid at least,
spends time in one of three regions : unmixed high speed, unmixed low speed
and mixed at a composition whose pdf is fairly uniform across the layer. It will
be shown later that some of the transverse non-uniformity of the composition
field, as displayed by the variation of C, in Figure 24, is artificially caused by the
lack of adequate resolution of the measurement device, and that the pdfs could

be, in fact, even more uniform than implied by the data.

Broadwell & Breidenthal (1982) proposed the following idealization for the
fluid states in the turbulent shear layer : (i) unmixed, i.e. pure fluids from the
two streams, (ii) a homogeneous mixture at the entrainment ratio, and (iii)
strained laminar diffusion layers (flame sheets) between the free stream fluids.
In water, which is characterized by a small diffusion coefficient (Sc & 1000), the
contribution from the flame sheets is expected to be relatively small. The
description suggested earlier then becomes similar to that of Broadwell &
Breidenthal, with the exception that they represent the mixed fluid concentra-
tion at any given point by a single value, or a delta function pdf. In this connec-
tion. the work of Effelsberg & Peters (1983) should be mentioned, who offer a
model for the probability density function along similar ideas as those of

Broadwell & Bpeidenthal.

4.4, Calculation of the Amount of Product

The probability density function of mixing presented in the previous section
can be used to estimate the amount of chemical product that would have been
formed, were the free streams carrying reactants (Toor 1962). This estimate will

be an upper bound since the passive scalar technique generally overestimates
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the amount of molecular mixing (see § 1.3, 4.5). The central idea is that a par-
ticular mixed fluid concentration ¢ corresponds to a unique product concentra-
tion C,(é:¢) which, for a one-step, fast and irreversible reaction of the type
A+B -+ P, is given by equation (D.14) of Appendix D. The equivalence ratio ig
defined by ¢ = Cg,/C,, where C,, and Cp, are the free stream molar concentra-
tions of the H.S. and L.S. reactants respectively. The average product concen-
tration profile across the layer, for a given ¢, is calculated according to
equation (D.15). And finally the total amount of product, represented by the
product thickness, is found by integrating the average product concentration
profile (equation D.16). It should be mentioned that the basic assumption is
that the chemical reaction is dynamically passive. This will be true if the reac-

tants are dilute and the reaction releases only small amounts of heat.

The calculated average product concentration, C‘;(y ;¢), is shown in Figure 28
for selected values of ¢. In the top plot, ), was kept constant and ¢ was
changed by varying C5,. In the bottom plot, Cz, was held fixed and ¢ was altered
by changing Cy,. Each of these curves is the exponential fit of equation (4.1) to
50 data points on the profile, which are not shown since the fit was excellent. It
is mentioned, just in passing, that §, agreed very well (within 2%) with a 1% width
based on the average product profiles calculated above. Note that a pair of
experiments performed at equivalence ratios of ¢ and 1/¢ would result in two
different average product concentration profiles. This effect, which was also
observed by Mungal (1983) in his chemically reacting gaseous mixing layer, is a

consequence of the mixed fluid composition asymmetry.

A comparison between Mungal's gas results and estimates for a liquid on the
basis of the present dilution data, for ¢ = 1/8 & 8, is made in Figure 29. In this
plot, the average product concentration 5‘; is normalized by the maximum pos-

sible value G, (see equation D.13). G,/G,, corresponds to T/Tflm of Mungal,



-32 -

where 7 is the mean temperature rise and Tflm is the adiabatic flame tempera-
ture. It can be seen that the shift in the peak of the profiles in the case of a

liquid is less (by about a factor of two) than that in a gas.

As Mungal had pointed out, two product thicknesses can be defined depending

on whether C,;, or Cg, is used for normalization. The first, 6p1 is the area under\
@T/Cw and the second, dp, is the area under E’;/Cg,. These two thicknesses,
normalized by the layer width, §,, are plotted in Figure 30. At large ¢, &, /01
asymptotes to 0.289 and for large ¢, 0p,7/ 0, tends to 0.192. At a ¢ (and ¢™') of

10 they have aiready reached 987% of their asymtotic value.

Breidenthal (1978), using a chemical reaction technique, measured a value of

0.38 for 6p,(¢ » 0)/d, where § is the vorticity thickness. In order to compare

résults. we need to know the relation between §; and 6. Brown & Roshko (1974)

give the following relations for a constant density mixing layer

Ouvis -7
(z—z,) 0.38 [ 1+7 (4.2a)

0 - (1—7'
(z-z,) 0.18 1+7r (4.2b)

where z, is the virtual origin. As a resull of these formulas and an earlier dis-
cussion showing the good agreement between §; and 6,4, the relations below

have been used throughout the rest of this work

6, 038 _
3 " o018 2.1 (4.3a)

Thus, we also have
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Regl
Re,;

=21 (4.3b)

Therefore, the estimate for the amount of product dpa(rp -» 0)/6, from the

present data, becomes 0.40. This is in good agreement with the measurement of
Breidenthal. Considering the overestimation of the amount of product inherent
in the dilution technique, however, it is believed that Breidenthal's value may be
too high. A direct measurement of the amount of product, in a chemically

reacting layer, will be presented in the next chapter.

In closing this section, a visual demonstration of the effect of the mixed fiuid
composition asymmetry on the amount of chemical product is displayed in Fig-
ure 31. A " flip " experiment, at a pair of equivalence ratios of 1/4 and 4, was
performed on the data of Figure 19. The picture corresponds to running two
experiments with the same pair of reactants and simply exchanging their sides.
This was done by‘ assigning an intensity variation to the data, on the image pro-
cessing monitor screen, according to C,(£;¢), for ¢ of 1/4 and 4, given by

equation (D.14). That the case of ¢ =4 shows more product than ¢ =1/4 is clear.

4.5. Effect of Resolution

A fundamental problem associated with the passive scalar technique, a varia-
tion of which is the present dilution experiment, is that it cannot provide infor-
mation on mixing inside a scale smaller than the resolution volume connected
with the measurement apparatus. As was discussed in Chapter 1, in the case of
LIF measurements, the technique measures the correct dye concentration inside
its sampling voelume. It is not known, however, whether this corresponds to any
mixing at all (see Figure 2). While we could make sound statements about mix-
ing and species concentration fluctuations down to the resolution scale of the

measuring device, the only piece of information about the inside of this velume
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is the average dye concentration. This is the reason why this technique can only
provide an upper limit to the actual amount of molecular mixing. In this

regard, it should be mentioned that the smallest diffusion scale, Ap, is given by
Ap ~ Sc~1? §) Res "3/ (4.4)

where Sc =v/D is the Schmidt number (for a derivation see Appendix A of
Breidenthal 1978). For the experiment of § 4.3, Sc ~ 800, 6, ~ 53mm,

Reg, ® 23,000 which result in Ap R 1um, well below the effective resolution

(4B6um x 100 um) of the measurement.

It was somewhat difficult to improve the spatial and temporal resolution of
the system, but they could very easily be made worse. So in order to address
the question of resolution, the array scan time was increased by a factor of 10,
resulting in an effective resolution area of 4mm x 100um, and measurements
were made on the same flow considered in § 4.3. Note that this increase in the
size of the sampling volume should not be expected to answer any questions
regarding the scales down to Ap, since both sampling volumes are so much

larger than this scale.

The effect of lowering the resolution on the measurement of the pdf is shown
in Figure 32. Figure 32a is the contour plot of the original data in Figure 23. It
is the view from above. The difference between the low and high resolution pdfs
is the contour plot of Figure 32b. Solid lines are positive contours. They indi-
cate the areas where the pdfs get more populated due to the worse resolution.
Broken lines are negative contours. They mark the areas that become less
populated. The qualitative result is that toward the H.S. side (¥ > 0) the pdfs
start gaining on the high values of concentration and loosing on the low concen-
tration values. As the L.S. side is approached (y < 0), the trend reverses. It is

apparent that the composition field is made to look less uniform across the
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layer than it really is. It is interesting to note that the lack of resolution dis-
torts the pdfs in a direction that is qualitatively similar to what would be

expected from a diffusion process.

More quantitative comparisons are illustrated in Figure 33. The total mixed
fluid probability increases everywhere in the layer at the expense of lowering the
probabilities of finding pure low and high speed fluids (Figures 33a & b). The
measurement indicates more mixed fluid. The variation of the average mixed
fluid concentration, across the layer, has increased, consistent with the earlier
quélitative discussion, indicating the pdfs are getting less uniform. As a matter
of fact, if the temporal resolution is reduced to zero by making the array scan
time very long, G, would become equal to the average H.S. fluid concentration ¢.
Lowering the resclution does not affect the £ profile, as expected, since it is
based on measuring the correct average dye concentration, and not its fluctua-
tions. The total mean mixed fluid concentration, Cy was calculated to be 0.62,

higher than the previous value of 0.60,

That the lack of resolution would give results indicating a higher degree of
mixing was, of course, already known and mentioned at the beginning of this
section. This study has further demonstrated that the lack of adequate resolu-
tion can indicate a composition field that is less uniform, across the layer, than
it really is (e.g. see the Cy, profile in Figure 33c¢c). This brings up the very
interesting question of just how uniform is the curve of C,(y) ? This issue will
be discussed in the next chapter, where a chemical reaction technique is used to

get an estimate of C, that does not suffer from resolution problems.
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4 8. Evolution of the PDF during the Mixing Transilion

We have so far discussed the composition field in the mixing layer before and
after the mixing transition. Breidenthal (1978) showed that the extent of mix-
ing in a liquid layer increased monotonically, during the mixing transition, from
a very small value, before the transition, to a higher asymptotic value, above the
transition. His study was, however, concerned with the total amount of mixing
and did not provide any clue to the-actual distribution of the mixed ﬁui.d con-
centration (i.e. the pdf). The question still remains as to how the pdfs evolve in
the region of mixing transition. How does a structure with a very large excess of
pure H.S. fluid in its core, prior to the mixing transition, evolve into one with a

total mean mixed fiuid concentration of 0.60, above the transition ?

To find an answer to this question, measurements were conducted at two Rey-
nolds numbers in the transition region. Both were at z = 17 cm and 7 = 0.38.
For the first set U, = 30 cm /sec, 6, = 38.5mm ( Res & 7,200 ). and the effective
resolution area was R288um X 100um. For the second experiment

U, =50 cm/sec, &, =38.5mm ( Res ® 12,000 ), and the effective resolution

area was 376 um X 100um.

The average pdfs for the four cases studied in this chapter are shown in Fig-

ure 34. The amount of product, 65,/6;, was calculated for each case (for large

¢71) and is compared with the data of Breidenthal in Figure 35. The good agree-
ment between the two, previously commented upon for the highest Reynolds
number case, holds for all the points. The most important result is that the
composition of the mixed fluid changes continuously in the mean, during the
mixing transition (Figure 34). In this region, not only does the amount of pro-
duct change, but also the product is found at a different composifion. As mixing

starts ( Res A 7,200 ), the fluid is found mixed mostly at very high values of

concentration £. The distribution shifts toward lower values as mixing proceeds.
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Another way of looking at this evolution is to monitor the average mixed fluid
concentration of the entire layer, Cy, which monotonically decreases during the
transition (see the values in Figure 34). Even though there is not enough data
to confirm this conclusively, the process seems to be one in which the newly
entrained fluid continuously mixes with the existing fluid in the core in an
essentially a dilution process. Considering that the cores are initially filled with

H.S. fluid, the continuous decrease of Cy is explained, at least, qualitatively. The

concentration corresponding to the entrainment ratio'. E, is g = Tf_l—i’— where

£ is the volume ratio of the entrained H.S. to L.S. fluid. If the dilution mechan-
ism, proposed above, is correct, Cy should asymptote to Cr at some high value
of Reynoids number. Until this asymptotic state is reached, Cy will necessarily
be higher than Cg. In other words, the average composition in the mixing layer
would not be determined only by the entrainment ratio. Unfortunately, the
present dilution results do not answer the question of what the asymptotic value
of Cy is and how high of Reynolds number is required to get to it. The chemi-

cally reacting experiments of the next chapter will provide some answers.

We are now in a position to explain why the " flip " experiment of Chapter 3
produced such a large difference in the amount of product. Recall that the
experiment accentuated the difference in the amount of mixed fluid to be found
in the range £ > 0.64 and £ < 0.36. The Reynolds number of the experiment
corresponded to the early stages in the mixing transition. According to the
results described in the previous paragraph, the mixed fluid concentration in
this regime is asymmetric and strongly biased toward the H.S. fluid. If, just to
demonstrate the point, we take the average pdf at Reynolds number 7,200 from
Figure 34 to represent the composition field of this experiment, we see that all
the mixed fluid is essentially at a concentration above 0.5. In view of this, the

outcome of that experiment is no longer a mystery.
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A comparison of the transverse profiles of the probability of finding pure L.S.
and H.S. fluids, P(y ), and C, is shown in Figure 38. Photographs of the fiow at
the two intermediate Reynolds numbers are displayed in Figure 37 in order to
aid in the interpretation of results. The initial large excess of pure H.S. fluid in
the layer, still seen at Reg ® 7,200, very quickly diminishes as the introduction
of three-dimentionality mixes the core fluid rapidly. Note the regions of still
unmixed H.S. fluid in the cores in Figure 37b, and that the color of mixed fluid is
tending toward light blue. Since there is originally a small amount of pure L.S.
fluid in the cores, the changes in the probability of finding it are not as striking.
The evolution of P(y), Figure 36c, illustrates the increase of mixing during tran-
sition. And finally the flatness of ,, profile indicates that, even in the transition
region, the mixed fluid composition is quite uniform across the width of the
layer. Its shifting down teo lower values, as Reynolds number increases, is in

accord with the evolution of the pdf described previously.
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Chapter 5

CHEMICALLY REACTING EXPERIMENTS ; LINE ILLUMINATION

The extent of mixing, in a liquid mixing layer, was measured by
Breidenthal (1978) in a direct way using a chemical reaction method. He found
that the amount of chemical product in the limit of very small equivalence ratio,
represented by the product thickness normalized by the layer width

6pz(go - 0)/6,, reached a constant value above the mixing transition. Due to the

asymmetry of the mixed fluid composition, discussed in the previous chapter, we

now know that a second limit must also exist for very large equivalence ratio

given by &y (¢ » =)/ 6.

An upper bound for these two product thicknesses was given in Chapter 4. It

was found that the estimated value of dpa(go -+ 0)/8, agreed well with the meas-

urements of Breidenthal, and hence it is believed that his value could be too
high. A direct measurement of the amount of mixing, besides being important
in its own right, would allow us to determine the average mixed fluid composi-
tion profile, Cr{y), and the mean composition of the mixed fluid of the whole
layer, Cy, independent of the resolution of the measuring apparatus. This could
be done since (,(y) and Cy can be calculated from the awverage product con-
centration profiles using equations (D.18) and (D.19). The product concentra-
tion is equal to the fluorescing dye concentration (equation C.7) and it has
already been mentioned, in the previous chapter, that the inability to resolve
the smallest mixing scales does not affect the true measurement of the mean

fluorescent dye concentration.



- 40 -

The specific questions addressed in this chapter are:

1. What are the values of the product thicknesses &, (¢ » =) and Op,(w = 0),

for a liquid, above the mixing transition ?

2. Is the variation of Gy, (y) profile across the layer, measured by the passive
scalar technique in Chapter 4, real or is it simply a result of the lack of ade-

quate resolution of the measurement device ?
3. What is the value of Cy above the mixing transition ?

4, Does Cy remain constant above the mixing transition ? If so, what is the
o

inferred value of the entrainment ratio £ ?

In the measurements that are described here, a 1024 element photodiode
array was used with a scan time of 2 msec. Only one out of every four pixels was
digitized (see Chapter 2). The chemical reaction was an acid-base reaction with
a negligible amount of heat release. The details of the LIF chemically reacting
technique and data processing are covered in Appendices A, C and D. All the
experiments were conducted at ¢ = 1/10 and 10, which are believed to ade-
quately represent the limits of ¢ - 0 and «=. This is based on the results of
Chapter 4, Figure 30, which showed that the amount of product reached its
asymptotic value at a rather low value of ¢ (and ¢™'). Another way of express-
ing this is that there is very little mixed fluid to be found in the ranges
£ < ¢/(1+9)=0.09 and ¢ > 0.91. To confirm this, the pdf of the high Reynolds
number data of §4.3 was used to estimate the amount of product for LIF chemi-
cally reacting experiments at ¢ of 1/10 and 10 according to the procedure
described in §D.2. It was found that, at these equivalence ratios, the product
thicknesses had attained 95% of their final values. The estimated average pro-

duct concentration profiles for these two cases will be discussed later.
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The width of the mixing layer, 4,, was defined by the 1% width of the average
product concentration profile 'C“‘p (y). It is the distance between two points where
the profile has dropped to 1% of its peak value. The location of y = 0 was chosen
entirely arbitrarily. In trying to be consistent with its definition in Chapter 4, a
function was defined to be equal to the area of the histogram of the time-series
data, excluding the data in the lower 3% range. The location of the peak of this

function was selected as y = 0.

5.1. Flip Experiment, ¢ = 1/10 & 10

These two runs were made under indentical conditions as the high Reynolds
number experiment of Chapter 4. They were recorded at z =25 cm with
U, =70cm/sec and r = 0.38. The shear layer thickness was measured to be
6, = 51.2mm, in very good agreement with the nonreacting case, resulting in a
Reynolds number of Res ~ 22,200. The effective resolution area, ur_ider these
conditions, was 1.1mm X 90um. For the ¢ = 1/10 run, the acid solution was on
the low speed side with the base on the high speed side. For the ¢ = 10 run , the

sides of the chemicals were switched.

Time traces of the product concentration, Cp(t). at selected points in the
layer, are shown in Figures 38 and 39 for ¢ = 1/10 and 10 respectively. Each
trace is composed of 512 consecutive data points connected by straight lines.

The data are normalized by the maximum attainable product concentration Coy

which is reached at the stoichiometric conditions for ﬁuox:escence " turn-on "
(see Appendices C and D). The flow images corresponding to the time interval of
Figures 38 and 39 are displayed in Figure 40(a,b). They were constructed from
the time-series data at 150 points across the layer in the manner described in
the previous chapter. The intensity assignment to the data is according to

Cp(¢.9) described in Appendix D, with a linear variation between the maximum
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intensity at € = (p  and zero intensity at C; = 0. This is how the chemical pro-

duct would look if it were being observed in real time during the experiment.
The two horizontal lines mark the width of the layer §;. Note that C, never

reaches (j_ in any of the time traces. Figures 38 and 39 show that the product

concentration for ¢ = 10 reaches higher values than for ¢ = 1/10. This can
more easily be seen in the different intensities of the images in Figure 40, which
also show that it is possible to find instances when there is very little product

anywhere across the layer.

The main results are summarized in Figure 41. The average product concen-
tration profiles for both equivalence ratios are plotted along with C,, which was
calculated using equation (D.18). There was no need to use a fit to the data as
there were at least 150 data points on the profiles. It should be mentioned that
6, and the location of y = 0 were the same in both cases. The area under each

average profile gives the total amount of product for that case and they are

Cis %,(p=10)
Co, 5,

=0.182

Cae Opy(9 =1/10)
G 8y

=0.138

But we also have, from Appendix D, that Cp, /€1 = 0.81 for ¢ =1/10 and

Cp,/Cao = 0.91 for ¢ = 10. Therefore the final result is

%,

—=0.165 for ¢=10
6



-43 -

P
—g—"f—:o.lzs for ¢=1/10
i

These results show that the previous estimates, based on the dilution data (with

the accompanying resolution difficulties), were too high by about 50% for the 6,,2
limit and about 75% for the §p limit. Note also that the ¢ = 10 case has about

32% more product than that for ¢ = 1/10. The average mixed fluid concentra-
tion for the entire layer, Cy, was determined (equation D.19) to be 0.57, lower
than the previous value of 0.60 calculated from the dilution data. The present
value of Cy corresponds to a mixture of 1.32 parts of H.S. fluid to 1 part of L.S.
fluid. If we now invoke the idea of entrainment limited mixing above the mixing
transition, we conclude that the entrainment ratio is £ = 1.32. This discussion

will continue in the next section

It would be instructive to compare the measured average product concentra-
tion profiles with the predictions based on the non-reacting results (i.e. the pdf
of dilution data). This comparison is made in Figure 42, The product profiles at
¢ =1/10 & 10, for which Cp(é;qp) is given in §D.2.1, are estimated from the pdfs
of the high and low resolution data of Chapter 4 using equation (D.15b). The
overestimation of the true extent of molecular mixing by the passive scalar
technique, which is due to resolution difficulties, can clearly be seen. A quantity
that is closely related to the degree of mixing is the total probability of finding
mixed fluid in the layer P (see Appendix D). It can be estimated from the
present chemically reacting data according to equation (D.17) and the result is
shown in Figure 43. Note that this estimate does not suffer from resolution
problems since it is calculated from the average product profiles. In comparing
with dilution results, Figure 43 again indicates the drawbacks of the passive
scalar technique in determining the true extent of mixing. Note that the chemi-

cally reacting results indicate that the probability of finding unmixed Auid
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(given by l-P), in the center of the layer, could be as high as 0.45,

The average mixed fluid concentration, C,, can be estimated from the
present chemically reacting data using equation (D.18). To make a fair com-
parison between this estimate and those obtained by the dilution technique, G,
was recalculated, for the dilution case, using the average product profiles of Fig-
ure 42 and equation (D.18). The results are shown in Figure 44. Note that the
new calculations of {,, from the dilution data, are slightly different from those
presented earlier in Figure 33c. The difference is caused by the small amount of
mixed fluid in the pdfs in the range ¢ < 0.09 and ¢ > 0.91. The average mixed
fluid concentration found from the chemical reaction technique does not suffer
from resolution problems and indicates that this quantity is very uniform |
across the entire width of the layer. It furthermore reveals that a good portion
of the variatibn seen in the estimates from the dilution data is an artifact, and
is due to the resclution inadequacy of the measurement technique. Note also
that the agreement improves toward the low speed side of the layer. This is
partly due to the improvement of the effective resolution as the low speed side is

approached as a result of lower local flow speed (see beginning of Chapter 4).

The present direct measurement of the amount of product, for ¢ » 0, is 30%
lower than the previously measured value by Breidenthal {(1978). Both measure-
ments were performed in the same facility and utilized the chemical reaction '
technique. Breidenthal used the attenuation of green light by the red product,
which was formed as phenolphthalein reacted with a base, to measure the
amount of chemical product. The discrepancy is believed to be associated with

the difficulties mentioned below :

1. The equivalence ratio of Breidenthal’s experiment is not as low as it was ori-

ginally assumed and, we believe, it could be as high as 1/4.
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2. There is a question concerning the magnitude of dilution in his calibration
sample. Any dilution of the sample would result in a low estimate of the
normalizing concentration that appears in the denominator of

equation (D.16b).

3. Absorption of light by the unreacted phenolphthalein would cause an
overestimation of the product.
An accurate assessment of the magnitude of the error caused by these factors

cannot, however, be firmly established.

5.1.1. Comparison with Gaseous Resulls. Comparisons are made with
Mungal's chemically reacting gaseous results which were recorded at

Res, ® 65,120. His data for ¢ = 1/8 and B have been used, utilizing equation

(D.18), to infer the average mixed fluid concentration for the gas case (Mungal,
private communication). This is contrasted with the present liquid result

(Reg, © 22,200) in Figure 45. It is not clear how the G, profile of the liquid case

would change if the Reynolds number were to increase three-fold. If the effect is
negligible, the fact that the gas G, varies a lot more than its liquid counterpart
indicates that the gaseous pdfs must be less uniform, across the mixing layer,
than those for a liquid. The gas shows more mixed fluid of high ¢ on the H.S.
side and more of low £ toward the L.S. side. This would be the type of qualitative

result one might expect due to the much larger mass diffusion in a gas (Sc ~ 1).

Another comparison concerns the amount of mixing. It has been known,
from the work of Konrad, Breidenthal and Mungal, that gases and liquids pro-
duce different amounts of product. Mungal puts the limiting values in the gas at

5P1(90 -+ «=)/6; = 0.27 and é‘pa(;a - 0)/6, = 0.24. Results of Breidenthal and Mun-

gal had indicated that the amount of product in the gaseous layer was 20% to

25% more than in a liquid. The present data , however, support a larger
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difference. The gaseous case, represented by Mungal's data, has 50% more pro-
duct than the liquid layer investigated here. It is instructive to note that, in the
context of the Broadwell-Breidenthal model, this means that the homogeneous
region and the flame sheets contribute equally to the product in the gaseous

layer. A summary of the data for cSpE(;a -+ 0) is provided in Figure 48.

The validity of the comparison between the liquid and gaseous product meas-
urements, described above, requires some discussion. One issue is that, in the
present liquid experiments, a measurement at station z = z, gives the amount
of product formed as a result of the local mixture composition at that station.
In Mungal’'s gas experiment, by contrast, the amount of product that is meas-
ured at z, is the cumulative amount of product formed between the splitter
plate (z = 0) and z,;, a consequence of the irreversibility of Hp + F» reaction.
Comparing the results of these two types of experiments, however, may not be
valid in general. This would be the case when there is a substantial minimum
activation energy required for the reaction to proceed, for example, or if the
chemistry is slow. In the special case of fast chemistry and spontaneous reac-
tions (i.e. hypergolic reactants) the comparison is valid. The reason is that, in
this case, no more product can be formed than that dictated by the reactant in
short supply (i.e. the lean reactant). Therefore; the total amount of product at
z, would be the same whether the reactants were to react, irreversibly, starting
at z =0, or to mix passively, without any reaction, and then instantaneously

react to completion at z;.

Another aspect of the comparison must also be discussed. In the present
experiment, an amount of product corresponding to the range of mixture ratios
for which the fluorescence is off is missing from the total amount. This contri-
bution, however, was shown to be small for the choice of equivalence ratios used

in these experiments.
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5.2. Very High Reynolds Number, ¢ = 10

This experiment was conducted to determine if the the amount of chemical
product found in the previous section remains constant with an increase in the
Réynolds number. It was performed at 2z =25 cm with U, = 315 em /sec and
r = 0.38. The layer thickness was measured to be 6, = 40.1 mm, resulting in a

Reynolds number of Res ~ 78,300. The effective resolution area, under these

conditions, was 4.4mm X 90 um.

Time traces of the product concentration and the flow picture corresponding
to this time interval are shown in Figures 47 and 48. The apparent change of
the aspect ratio of the structures is due to the increase of free stream velocities
in order to raise the Reynolds number. The presence of large structures con-
taining the chemical product is clearly seen. We can still find instances when
there is very little product anywhere across the whole layer. The average pro-
duct concentration profile, Figure 49, was integrated and the area was found to
be very close to that in the lower Reynolds number case of § 5.1. Note that the
area is already normalized by 4,. Even though the layer is thinner in this case,
the product thickness is also smaller just in the right proportion to keep the

ratio constant. The measured value of the amount of product is 6;,1/61 = 0.187.

We are now in a position to answer the last question that was raised at the
beginning of this chapter. It was already known, by the work of Breidenthal in a

liquid layer, that above the mixing transition 6;,2(90 - 0)/4, became a constant.

We believe that his estimate for that quantity is too high and the correct value is
about 0.125 (see discussion in § 5.1.1). With the result of this section, we have

shown that the second limit épl(qo -+ «)/8, also becomes constant above the

mixing transition (at least up to Reynolds number of 78,200) with a value of
about 0.165. This means that the average mixed fluid concentration of the layer

Cy necessarily becomes fixed (equation D.19) at 0.569, which corresponds to a
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mixture of 1.32 parts of H.S. fluid to 1 part of L.S. fluid. If the fluids that get
entrained into the layer become mixed with the existing mixed fluid some time

later, the fact that the average mixed fluid concentration remains constant can

only imply a fixed entrainment ratioc £ such that Cg = = Cy and therefore

E
1+F
E =1.32. Note also that, in this case, & =8, (¢ » =)/d (¢ = 0) so that the two
limiting product thicknesses would become equal only if the entrainment ratic

were equal to unity.

The value of the entrainment ratio found above agrees very well with Konrad’s
value of 1.3 for the gaseous layer at the same velocity ratio. It is interesting
that the two agree as well as they do considering that they were measured by
totally different techniques. Konrad estimates the entrainment rates using an
expression suggested by the earlier work of Brown (1874). The present result is
based on the direct measurement of the mixed Aluid concentration. The connec-

tion between the two has yet to be explored.

5.3. Mixing at Very Low Reynolds Number

This is a short study of mixing just as the mixing transition starts. The
experiment was done at z =25ecm with U, =174 cm/sec, 7 =0.48 and
equivalence ratio ¢ = 1/10. The shear layer thickness was 6, = 42.3mm,

corresponding te a Reynoclds number of Res ~ 3,800. The effective resolution

area was 347um x 90 um.

Product concentration traces, Figure 50, show more fluctuations than the
higher Reynolds numbers studied before. There are also larger regions where
there is no product in the layer. Upon examining the photograph of the flow,
Figure 51, it is revealed that most of the product is found on the interfaces and

that the cores of the structures are more or less product free. The average
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product concentration profile is shown in Figure 52. The integrated amount of

product was 0,,/6, = 0.057 which, as expected, is less than the value above the

mixing transition.
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Chapter 6

CONCLUSIONS

The processes of entrainment and mixing have been investigated in a liquid
mixing layer using laser induced fluorescence diagnostics and hfgh speed, real-
time digital image acquisition techniques. Both reacting and non-reacting
layers were studied over a range of Reynolds numbers covering the extent of the
mixing transition. The bulk of the experiments have been performed at a velo-

city ratio of 0.38.

In the non-reacting cases, a passive scalar technique has been used to meas-
ure the probability density function (pdf) of the composition field of one of the
mixing species. Results are used to estimate an upper bound for the amount of
chemical product for a one-step, fast and irreversible reaction. Effects of the

lack of resolution of the measurement apparatus are also examined.

The chemically reacting cases employ a diffusion-limited acid-base reaction to
directly measure the extent of mixing on a molecular level and the amount of
chemical product. Results are further utilized to infer the mean composition of

the mixed fluid based on which a value for the entrainment ratio is determined.
A summary of the results is presented below.

1. The initial roll-up of the vortical structures in the mixing layer is not sym-
metric in the lateral direction y and is such that the cores contain a large
excess of high speed fluid. This initial asymmetry can be explained on the

basis of the spatial instability of the mixing layer.
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Below the mixing transition, the composition field consists of mainly pure
high and low speed fluids. There is very little mixing and that occurs at the
interfaces separating the two free stream fluids. Consistent with these
observations, the chemical product is found on these interfaces with large

areas void of any product.

The mixed fluid composition changes continuously in the mean in the
course of the mixing transition. In this region, not only does the amount of
product change, but alsc its composifion. As mixing starts, the fluid is
found mixed mostly at very high values of concentration. The pdfis consid-
erably asymmetric in favor of the high speed_side. The distribution shifts
toward lower values as mixing proceeds. It is proposed that a dilution
mechanism, in which the newly entrained fluid continuously mixes with the

existing fluid in the cores, explains this behaviour qualitatively.

The average composition of the mixed fluid during the transition is not
determined only by the entrainment ratio but also by the initial composi-

tion at roll-up.

A consequence of the large asymmetry of the mixed fluid composition, in
the transition region, is that a chemically reacting " flip " experiment exhi-
bits a great difference in the amount of product formed upon switching the

sides of the chemicals.

The pdf of the mixed fluid, above the mixing transition, is quite uniform
across the entire transverse extent of the mixing layer. It is asymmetric
and biased toward the high speed fluid. The lateral uniformity of the pdf is

also observed during the mixing transition.

The evidence suggests that a fluid element in the mixing layer is found in

one of three types of fluids : unmixed high speed fluid, unmixed low speed
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fluid and mixed fluid at a compeosition whose pdf is fairly uniform across
the layer. This description of fluid states in the turbulent mixing layer is
qualitatively similar to that of Broadwell & Breidenthal, applied to the case
of a fluid with a high Schmidt number, with the exception that they
represent the mixed fluid concentration at any given point by a single value

(delta function pdf).

The probability of finding unmixed fluid is never zero at any point in the
layer, even in the center of the layer. Most of the unmixed fluid is found in
the tongues of fresh fluid that are transported across the layer as they take
part in the entrainment process. Some contribution also comes, especially
in the transition region, from the still unmixed high speed fluid in the
cores. Chemically reacting data indicate that the probability of finding
unmixed fluid in the center of the layer. above the mixing transition, could

be as high as 0.45 (measurement at Re; ™ 22,200).

Turbulent transport, in the cases studied, is not a diffusive process and
cannot be adequately described by gradient-diffusion models. It is dom-

inated, instead, by large scale structures.

The inability of the measurement apparatus to resolve the mixed fluid at
the diffusion scales overestimates the extent of mixing (already known
result). It has also been shown that this lack of resoclution can indicate a
composition field that is less uniform, across the layer, than it really is. In
this regard, care should be taken in interpreting any measured pdfs since
some of the features may be a result of inadequate measurement capabili-

ties.

An upper bound for the amount of chemical product, for a one-step, fast

and irreversible reaction, has been calculated based on the measured pdfs
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above the mixing transition. In the limit of small equivalence ratio (¢ - 0),
the product thickness normalized by the layer thickness has been

estimated to be dpz/ 6, = 0.192. This value compares well with Breidenthal’s

measurement using a chemical reaction technique. In view of the overesti-
mation of the amount of mixing inherent in the passive scalar £echnique. it
is believed that Breidenthal's value is too high (see also the discussion of §
5.1). The amount of product, in the limit of ¢ » <, is calculated to be

8p,/ 61 = 0.289.

The amount of chemical product, in the same mixing layer, depends con
which side of the layer the reactants are placed (corresponding to runs at ¢
and 1/¢), even above the mixing transition and at high Reynolds numbers.
This is a direct consequence of the asymmetry of the mixed fluid composi-

tion.

The direct measurement of the amount of product, in a chemically reacting

layer, has yielded that &5,/6; = 0.125 for small ¢ and & /6, =0.165 for

large ¢. The previous estimates, based on the passive scalar results, have
therefore overpredicted the amount of mixing by about 50% and 75%
respectively. This is due to the resolution difficulties associated with the
passive scalar technique which generally overestimates the extent of mix-

ing.

The liquid reacting mixing layer has roughly 50% less product than a gase-
ous reacting layer, as measured by Mungal. This implies, in the context of
the Broadwell-Breidenthal model, that the homogeneous region and the

flame sheets contribute equally to the product in the gaseous layer.

Chemically reacting data strongly suggest that the average mixed fluid con-

centration across the layer is essentially constant, at least for the
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measurements above the mixing transition at Reg & 22,200. This indicates

that most of the lateral variation of this quantity, seen in the estimates
from dilution data, is due to the lack of adequate resolution. It, further-
more, suggests that the functional form of the mixed fluid pdf could be the

same, exactly, regardless of the position in the layer.

The evolution of mixing above the mixing transition has been addressed in
terms of the mean composition of the mixed fluid in the layer, Cy, meas-
ured using chemical reactions. It is found that increasing the Reynolds

number Res from 22,200 to 78,300 does not change the value of 4, /6, (in
the limit of large ¢). Using Breidenthal's similar result for the constancy of
51’2/ 8, (in the limit of small ¢) above the transition, and the newly meas-
ured value for this quantity, it is shown that Cy is fixed at 0.57 above the

mixing transition.

The fact that the mean composition of the mixed fluid becomes constant
above the mixing transition indicates that mixing has reached an asymp-
totic stage. The value of the entrainment ratio, defined by the volume of
high speed to low speed fluids entrained, corresponding to the measured
value of Cy, is 1.32. This number is in agreement with the measurement of

Konrad in a gaseous layer at the same velocity ratio.
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Appendix A

NOTES ON THE LASER INDUCED FLUORESCENCE TECHNIQUE

Fluorescence is a process in which the molecules of a substance absorb pho-
tons from an external energy source, and subsequently, reradiate some of the
absorbed energy. Sodium ﬂuorescein.. which is a high quantum-yield organic
dye, was used in this investigation. When excited with argon ion laser radiation,
this dye fluoresces with a very short response time at wavelengths longer than
the exciting wavelength. Specific features of this technique that are important

for the present work are discussed below.

A.1. Fluorescence-Concentration Relatié:nship

Linearity of the fluorescence intensity in the local dye concentration and
laser intensity has been used, throughout this work, to obtain quantitative
species concentration information. We now examine the conditions under which

the linear relation is applicable.

The fluorescence intensity /, emitted over a length Ay at a station y along

the laser beam is given by

y + 4y

I(y) =@ lLoemd aww] e, (A1)
where

@ = quantum yield

g, = dye molar absorption coef ficient



- 56 -

Cy = local molar dye concentration

I = local laser intensity
For small values of g, Cg Ay and small Ay the above equation can be replaced by

I =(Qe,Ay) Gy I | (A-2)

The largest value of g C3Ay used in these experiments was approximately
0.0018, for g, C4 ™ 0.16 cm™! (Figure A.1) and Ay ® 0.01cm (Appendix B). The
quantum yield & is generally a function of dye concentration. For the dye used
in the present work, @ remains nearly constant (less than 1.5% change between
Cy of 107% and 1077H) until the critical dye concentration of 5 X 10™*#, where a
sharp decrease in @ sets in (Figure 116 & Table 64 of Pringsheim 1949). The
highest dye concentration used {107%#) was a factor of 50 below this critical
concentration. As a consequence, the resulting fluorescence intensity is linearly
proportional to the local dye concentration and the local laser intensity. The
constant of proportionality is determined by the properties of the dye and the

optical setup.

A 2. Fluorescein Dye

The water-soluble organic dye disodium fluorescein (uranin) was used in all
the experiments. This dye fluoresces efficiently when excited by an argon ion
laser, provided it is in a chemical environment whose pH is above a certain
threshold. Generally, the fluorescence is off (suppressed) when the pH of the

solution is below approximately 4.

In the dilution experiments, both free streams of the shear layer were water
with dye premixed with one of the streams. There was no chemistry involved;
the dye was always on and acted as a tracer. The absorption coefficient of a dye

concentration of 107°}, needed for data processing (Appendix C), was measured
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to be about 0.18 cm ™! (Figure A.1). Data of Figure A.1 were obtained by measur-
ing the fluorescence intensity due to a uniform dye concentration along the
laser beam by a photodiode array (see Appendix B). The fluorescence intensity

along the beam is propeortional to the laser intensity for a uniform C; (see

equation A.2}.
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150 | (~ve 0157y .
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Figure A.1 Beam Attenuation by the Dye

In the chemically reacting experiments, the dye was always premixed with the
acid solution so that the fluorescence was gff. The absorption coefficient of a
107°H dye solution in the off condition was measured to be less than 0.01 cm L.
The volume of base, v,, required to titrate a unit volume, v,, of the acid/dye
solution and cross the pH threshold for flucrescence could be adjusted by the
proper choice of the acid and base concentrations. Figure A.2 illustrates the
measured fluorescence from the titration of a fixed velume of acid /dye solution.
The fluorescence intensity is close to zero at the beginning as the solution is
very acidic. As the base is added a point is reached where the pH threshold is
crossed and the fluorescence " turns on " Beyond this mixture ratio (in this

case v,/vg = 1/10), addition of more base merely dilutes the dye. Now the
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fluorescence intensity is only proportional to the dye concentration and hence
proportional to the acid volume fraction. Note that the fluorescence on/off
transition can be made very sharp. This transition is reversible in the sense
that the flucrescence intensity can be switched on and off by adding sufficient

amounts of base or acid required to cross the pH threshold.
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Figure A.2 Fluorescence Intensity vs. Base Volume Fraction

A.3. Chemistry and Time Scales

The chemical reaction used was an acid-base reaction between sulfuric acid
(H2S0,) and sodium hydroxide (NaOH). In acidic solutions, positive florescein
ions show very little fluorescence, whereas the negative iocns formed in basic
solutions exhibit very strong yellow-green fluorescence. The overall reaction can

be symbolically written as
Fluorescein + (OF)” -+ fluorescing product

The association is made that the fluorescence intensity is proportional to the
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product concentration (, (see Appendix D for more detail). This reaction is
reversible. The visible fluorescing product can be rendered invisible (i.e. no pro-
duct} by the change in the local chemical environment. Note, however, that the
effect of reversibility is contained in the titration curve of the experiment (for
example Figure A.2) in that there is no fluorescence in certain range of mixture

comiposition.

The acid-base reaction is a diffusion-controlled reaction. The rate constant &
for combination of A* and OH~ ions in solution is 1.3 x 10! #~! sec™! at 23°C as
quoted by Laidler & Meiser (1982). Recent measurements of Gutman et al. (1983)
give a range of 18x 10 to 1 x 10!° ¥~! sec™ for k. If we define the chemical

time based on the reactant of lowest concentration, then

1

R —————
Tehem % [acid ] 13 nsec

for 0.0075M HzS0, and k =1 x 10!® ¥ ~! sec~!. The time scale for fluorescence
is typically a few nanoseconds. Becker (1989) quotes an observed fluorescence
life time of 4 nsec for fluorescein. The overall time scale of the reaction is,

therefore, dominated by Topam-

The large scale mixing time, 75 is given by

5
A Y

where § is the vorticity thickness and AU = U; — U, the velocity difference

across the shear layer, The relevant small scale mixing time, Taye 18 the time to

diffuse across the diffusion scale, Ap, and is given by

2
% L
Tap N e A T;Re ®
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where D is the mass diffusion coetﬁcienh.’ Note that Tay the time to diffuse

across the viscous scale (Kolmogorov scale), A, is given by

2

L
T, ™ ——E—N 75 Sc Re ®

where Sc = -;—is the Schmidt number. In the case of gases where Sc is of order

unity, 7, and 7, become essentially identical. For liquids which are character-

ized by large Sc, the distinction, however, becomes important. The shortest time

scales during these experiments were

Ts ™ 10 msec

Tap ® 50 usec.
The Damkohler number is the ratio of the mixing to the chemical time. Thus,
T/ Tenem ™ 7.7 x 10° for the large scales
and

T;\D/'rchm A 260 for the small scales

The chemistry is therefore rapid compared to the relevant mixing times.

A3.1. Buoyancy and Heal Release. The densities of the two free streams of
the shear layer can be unequal due to addition of acid and base. When deemed
necessary, sodium sulfate (Na;S0,) was added to the acid/ dye solution in order

to match the densities. The density difference in these experiments was
0.0002 < Ap/p < 0.004

where Ap = p; —pzand p = (py + pa)/2.
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The effect of buoyancy can be discussed in terms of the Richardson number,
Ri, defined by
RBi = Apg 8
p(AU)?
where g is the gravitational acceleration, § the vorticity thickness, and
AU = U, — Uz. Koop & Browand (1979) found that for Pi < 0.05, based on & at a

downstream distance z = lcm, the effect of buoyancy became negligible. Our

largest /i was 0.0005 and buoyancy effects could be neglected.

The maximum temperature rise due to the acid-base reaction was estimated
to be about 0.5°C for the concentration of chemicals used. This chemical reac-

tion could, therefore, be considered isothermal.

A.4. Thermal Blooming and Photobleaching

Thermal blooming is caused by the localized heating of the dye solution by
the laser beamn. The index of refraction gradients produced in this way act as a
lens causing the laser beam to diverge rapidly, leading to a significant decrease

in the fluorescence intensity.

Continuous excitation of organic dyes causes the dye to lose its absorption
efficiency over time. The incapacitated (bleached) dye molecules do not absorb
and the net effect is as if the dye is simply diluted. The number of active

(absorbing) dye molecules, n, as a function of time, is given by

"t/‘f’a
n=n,e

where n, is the number of dye molecules at £ = 0 and
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ml=G &0
where

&, = bleaching quantum ef ficiency (probability that
a dye molecule will be bleached with the
absorption of a single photon)

¢ = laser photon flux

o = dye absorption cross section

For these experiments 7, N 20 sec based on @, = 4 x 107° (Ippen et al. 1971),
® =5 x 10?0 photons /ecm? /sec, corresponding to 200 watts /cm? power density
at 5145 A and o = 0.25 x 107'%m? (calculated from attenuation of 10~° # dye).
Note that photobleaching can be very serious for nonflowing systems. Only 37%

of molecules will be absorbing after 20 seconds.

Problems of thermal blooming and photobleaching can be alleviated in a
flowing system naturally provided by the experiment. The flow system provides
rapid removal of heat from the path of the beam and eliminates the blooming
problem. Bleaching is overcome if the flow transit time through the beam is
much smaller than 7,. The worst case encountered was t/7, ® 5 x 107 . In the
titration experiments, which were done in a flowing system with a ﬁxed amount
of dye, bleaching was minimized by making the volume of the titration chamber
much larger than the volume covered by the beam and continuously circulating
the fluid. This precaution resulted in an estimated bleaching loss of 0.5% per

hour.
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Appendix B

PHOTODIODE ARRAY AND ADC BOARD

Acquisition of fluoresence intensity data was accomplished by a self-scanning
linear photodiode array, available from Reticon Corporation, and a very high
speed A/D system (ADC board). General characteristics of these two devices are
 described in this section. More detailed information on Reticon arrays can be
found in the Reticon literature and the article by Horlick (1976). Permission to
reprint " G " Series, solid state line scanner, data contained in section has been

given by EG&G Reticon, (Copyright 1980).

B.1. Reticon Array

The RIL-1024G array consists of a row of 1024 silicon photodiodes on 25um
centers. The bar-shaped photodiodes have a photo-sensitive area of
15um x 28 um.. Photograph of such an array is shown on Figure B.1. Also
shown is the aperture geometry along with an idealized response function which
would be obtained by scanning a point source of light along the length of the

array.

Photodiodes operate in the charge storage mode and hence are inherently
integrating type detectors. Each element {or pixel) of the array has an associ-
ated storage capacitor on which to integrate the photocurrent and a multiplex
switch for periodic readout via an integrated shift register scanning circuit. A
single phase TTL clock drives the scanning circuitry, which is also available from
Reticon. During the integration time (or scan time), defined by clock
perioed x number of elements in the array, charge is accumulated by the photo-

current. Since the photocurrent is linearly proportional to the light intensity,
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Figure B.1 RL-1024G Array, Sensor Geometry and
Idealized Aperture Response Function

the charge output of each photodiode (below saturation) is proporational to the
light intensity received during the scan time. This array has a typical + 12% sen-
sitivity nonuniformity which is removable in the subsequent data processing

(Appendix C).

B.1.1. Dynamic Ronge. The dynamic range of the array is determined by the
dark noise. The contribution from the photon shot noise is negligible (see
Appendix C). When the array is in the dark, the output is caused by two main
sources. The first source is the integrated dark leakage current produced by
thermally generated charge carriers. The dark current increases with tempera-
ture and scan time. Generally, a scan time longer than 40 msec -is not recom-
mended. The longest scan time used in these experiments was 2 msec and no
attempt was made to decrease the noise by cooling the array. The second
source is a fixed pattern noise caused by incomplete cancellation of clock
switching transients. This can be removed in processing as discussed in
Appendix C. The overall dynamic range, defined by the ratio of the saturation

voltage to the peak-to-peak dark noise voltage, was about 200.

B.1.2. Resolution. Each pixel receives light from an area in the object plane
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that is determined by the effective aperture of the pixel and the magnification
ratio of the collecting optics. This area defines the spatial resolution if it is
smaller than the area illuminated by the laser beam. If we define the effective
aperture of a pixel by the area 25um x 26 um (see Figure B.1), the resolution
area becomes Az X Ay = 100um x 104um for a typical magnification ratio of
1/4 in these experiments. The beam diameter was in the range 0.5 to 1 mm.
This diameter determines the resolution in the third dimension Az. See figure

below.
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Figure B.2 Schematic of Focussing Arrangement

The discussion above is applicable to static conditions. In a flowing system,
the resolution along the flow direction, Az, is determined by the distance the
flow moves during the scan time. This distance could be considerably longer
than the static resolution depending on the scan time and the flow speed. The

actual dynamic resolution in each experiment is discussed in the main text.
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B.2. ADC Board

The ADC board is a unique single channel A/D conversion system capable of
performing B-bit conversions at a rate of up to 10 MAz. The design of this sys-
tem began in 1979 by P.E. Dimotakis and D.B. Lang. It was completed and the
system fabricated and tested by D. Kerns in 1982. The present experiments

mark the debut of this device.

This board is based on the TRW TDC1007J B8-bit A/D flash converter. It
features programmable gain, offset, clock frequency, delay and front end real-
time data processing capabilities to reduce the transfer rate of the computer
bus. The ADC bzoard can gather high speed data from a variety of devices. It is
especially designed, however, to accommodate linear and two-dimensionai pho-

todiode arrays.

The A/D system communicates with a DEC Q-bus through a synchronous dev-
ice bus (D-bus) and a direct memory access (DMA) interface. The D-bus is capa-
ble of 12 Mbyles /sec data rate and was designed by D.B. Lang and P.E. Dimo-
takis. The DMA interface can handle a data rate of 1.2 Mbytes/sec. At present
we can sustain this rate.only by silencing all other devices on the computer bus.
This limits the total amount of data acquired to about 200,000 bytes (equal to
the system memory) per run. Large amounts of data can be presently acquired,
however, and transferred to a high speed (1 Mbyte /sec, Winchester) disk, con-

tinuously, at a rate of 300 Kbyies /sec,
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Appendix C

DATA REDUCTION

C.1. Getting the Correct Dye Concentration
The output of the i** pixel, in response to the fluorescence intensity at point

¥; along the beam, may be written as

photon
shot noise

+ D(i) (C.1)

V(i) = R(i)n %S%Ts I, () + {

where

V(i) = output voltage
R (i) = pixel sensitivity (Volt /Joule /cm?)

7 = optics collection ef ficiency

Q (i) = subtended solid angle
Ts = array scan time
Ip(i) = fluorescence intensity issued from

point v;, given by equation (A.2)

D(i) = dark response

The typical maximum signal amplitude in the present experiments, for the scan
times used, corresponded to about 6.5 x 10% photons. The photon shot noise

can, therefore, be neglected.

The laser intensity is not uniform along the beam and, at a point y;, can be

written as
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1
1) = I,5) e % % (c2)
where

I = laser intensity
I, = laser intensity in the absence of attenuation
g, = dye molar absorption coef ficient

Cg = local molar dye concentration

The first term is the laser intensity variation established by the focusing lens.

The second term accounts for the cumulative absorption.

Combining equations (A.2), (C.1) and (C.2) and lumping all the parameters

that are independent of the dye concentration into a single term, g(i), we get

(i) =gy e %% o) + D() (C.3)

B(i) contains the effects of nonuniformity of imaging and pixel sensitivity, laser

beam shape and even slight misalignment of the array with the beam. It is

experimentally measured by recording the fluorescence intensity along the

beam resulting from a very dilute uniform dye solution in the test section. D(i)

is measured by recording the output of the array with the test section filled with |

clear water (i.e. no dye present). Making the following approximation
i+l

J Cady ~ Ay Ca(i)
1

reduces equation (C.3) to

i1, . s
Cd('z',)zj];lle o by CyJ) _K(}lﬁ(_%)gll)_ (C.4)
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To get the dye concentration at a given point, the instantaneous laser inten-
sity at that point must be known. The laser beam, however, attenuates in pass-
ing through the dye concentration field that is set up by the turbulent flow. As a
result, the correct calculation of dye concentration requires the knowledge of
the dye field that the beam has passed through to get to the point of interest so
that the beam attenuation can be properly accounted for. One advantage of
linear arrays now becomes apparent. Each scan of the array contains informa-
tion at many closely spaced points along the beam essentially simultaneously.
This, in effect, allows one to perform the operation indicated by equation (C.4)
on the data, on the scan-by-scan basis, and remove the effects of attenuation
and various nonuniformities. Data processed by equation (C.4) are on the

correct relative scale.

C.2. Dilution Data

The local instantaneous dye concentration, {4, in a sampling volume is given
by

Vg

Ca = Cq, vy + Uy

(C.5)

where

Ca, = free stream dye concentration carried by the
LS. fluid.

vg = volume of L.S. fluid in the sampling volume

vy = volume of H.S. fluid in the sampling volume

The normalized concentration of high speed fluid, £, is thus equal to
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£=1-Ca/Cy (C.8)
(see also Appendix D).

Equations (C.4) and (C.8) are the basis of calculation of local instantaneous
concentration. Since the whole width of the shear layer was imaged on the
array, (g, was available in each scan making calculation of equation (C.8) rela-
tively easy. Even though the full equation (C.4) was used, the effect of attenua-
tion turned out". to be negligible because of the low dye concentration used in the

dilution experiments.

C.3. Chemically Reacting Data
The local instantaneous product concentration, G,, after the fluorescence

threshold has been crossed, is given by (see Appendix D)
Cp=Cq —2—=0y (C.7)

where

C4, = free stream dye concentration carried
by the acid solution

vy = volume of acid in the sampling volume
vy = volume of base in the sampling volume

. G4 = dye concentration in the sampling volume

The maximurm value of Cp, Cp’. is reached at the threshold condition for fluores-

E2)

cence "' turn-on The product concentration normalized by the maximum

value, is therefore
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G Cs
CP

(C.8)

<

Equations {C.4) and (C.B) are the basis of calculation of product concentration.
The value of C, was available in each scan in the titration-reference chamber
which was also imaged on the array. The effect of beam attenuation accounted

for about 10% of the total product in the worst case.
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Appendix D

THE PDF

A major portion of these experiments deals with measuring the probability
density function of the concentration field. The interest in the pdf stems from
the fact that the classical approach to the solution of many problems of practi-
cal interest in chemically reacting flows requires the knowledge of the pdf for

that flow. This approach is discussed in some detail by Bilger (1980).

This section serves to introduce definitions and properties of quantities fre-

quently used in this work, and how they are related to the pdf.

D.1. General Considerations
The local instantaneous high speed fluid velume fraction, ¢, in a small sam-
pling volume is given by

= 0
T vyt

(D.1)

where

v; = volume of H.S. fluid~ in the sampling volume

vz = volume of LS. fluid in the sampling volume

Note that £ is the normalized concentration of high speed fluid. This definition
is the same as that based on mass fraction for a constant density, incompressi-
ble flow. It is also consistent with the definition based on mole fraction, used by

Mungal (1983), in the gaseous case.
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The probability density function of ¢ at a given point, y¥. in the layer is
denoted by p(£.v) and is the fraction of time that £(¢£) falls inside the range

(¢, &€ + Ag). Specifically,
pty) A¢ = Prob{s < E(t)y< ¢+ As] (D.2)

for small A£.

Normalization of the pdf requires that
i
Jgp(s.w de¢=1 (D.3)

The average concentration of high speed fluid, ¢, iz then given by
_ 1
)= epey)de (D.4)

Figure D.1 shows a typical p(£,v).

p&,y)

O £ i

Figure D.1

The two delta functions at ¢ = 0 and 1 are associated with the pure unmixed
fluids of the L.S. and H.S. sides, respectively. Their widths are not zero in prac-
tice. Concentrations in the range 0= ¢ <¢ are assigned to pure (unmixed)
LS. fluid and 1-eg< £=< 1 to pure H.S. fluid. Therange £< £< 1—-g would,
therefore, correspond to mixed fluid. The maximum value of £ used was 0.031.

The mixed fluid pdf (i.e. excluding the two delta functions) may be characterized
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by its area and first moment as defined below.

The area under the mixed fluid pdf, P, gives the total probability of finding
mixed fluid at any concentration. It is given by
1-eg
Ply) =[ plty) d¢ (D.5)
This quantity was called intermittency by Konrad (1978). Here, however, no
attempt is made to relate mixing regions to turbulent-nonturbulent regions. A

value of P(y) less than unity signifies the presence of unmixed fluid.

The first moment of p (£, y), otherwise known as the average mixed fluid con-

centration, is given by

I eptey)de
Cmly) == 1oz (D.8a)
{ plty)dE
1-¢
[ ¢p(ty) de
- P(y) (D.6b)

It is useful to define an average mixed fluid pdf, {£), that represents the whole
layer. We define it by

N Y1
PO = o~ {2 p(ty)dy (D.7)

y1 and yp would ideally correspond to the high speed and low speed edges of the
mixing layer respectively. In some cases, however, measurement of the pdf was
not available all the way out to the edges of the layer. As a compromise, y; and
Yo were chosen to be the points on the high speed and low speed sides of the
layer, respectively, where the total mixed fluid probability P (see equation D.5)

had dropped to 35% of its maximum value. The distance between these two
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points corresponded to approximately 63% of the visual width of the layer.

And finally, a very important quantity, the total mean mixed fluid concentra-

tion in the layer, Cy, is defined by

$o

J Ply)Galy)dy
Cy= - (D.B)

+oo

S P)dy

D.2. Calculation of Product from the PDF

Consider a small sampling volume at a point in a mixing layer where the
instantaneous high speed fluid volume fraction, ¢, has been measured by some
means. Suppose that the partial volumes v; and v, contain ny and ng moles of

dilute reactants A and B respectively. We define

7L

Cio = 1% (D.9a)
1
V(A

Coo = —~ (D.9b)
2

to be the free stream molar concentrations of the H.S. and L.5. sides respec-

tively. Now consider a one-step, fast and irreversible reaction of the type
A+EB - P

with unity molar stoichiometric coefficients. We define the equivalence ratio, g,

by

¢ = (CZO /Clo) - Cza
(CZo /Cla)s Cln

(D.10)

since the stoichiometric molar concentration ratio (Cp, / Cy,)e, for the reaction

considered, equals unity. See also Mungal (1983) for a discussion of this choice
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of definition for the equivalence ratio instead of the more conventional

definition based on mass fractions which is used in combustion research.

Measuring a particular value of £ implies that ny moles of 4 and np moles of
B are present in the sampling volume. If 4 and B react to completion, the reac-
tant in short supply will be consumed. Thus, as a result of an irreversible reac-

tion, the concentration of product, G, is given by

Ty .
o +‘U2 = Clo S for Ny < Np
G ={ ny (D.11)
r——— =Cg (1=¢) for ng < my

The stoichiometric condition cccurs at ny = ng. In this case

Cio és = Cao (l-fs)

=L _ o
fa = Cig +Cgy - 1+¢ (Dlz)
and the maximum product concentration is given by
- —-L - l
Cp, Cla 1+¢ CZo l+§0 (D'ls)

Go(¢) is determined by ¢. To explicitly indicate this, we rewrite equation (D.11)

in the following form

. (s ) Cio € for £ < i—lﬂp (D )
g = 14
? Cao (1=8)  for £> 72—

A sketch of G,(£:¢) is shown in Figure D.2.
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<] S
Cp (E\ ¢) \\\\ ”,r" CIO
i
]
]
i
0 ¢/1+¢ ‘
€
Figure D.2

The average production concentration for a given ¢ at position y, G (¥ 1 ¢). is

given by

1
Colyie) =£ Coltip) p(£.y) d (D.15a)

To be consistent with earlier definitions in § D.1, in handling the nonzero width
of free stream delta functions, the'equaticn above has been used in the form

. I-e

Cp(y:¢)=£ Coléip)p(Ey)de (D.15b)
There is no controversy in using equation (D.15b) in place of (D.15a) since free

stream delta functions do not contribute to product.

It is customary to represent the total amount of product in the layer by the
product thickness. Mungal (1983) pointed out the importance of the choice of
the free stream concentration used for normalization. Two product thicknesses

can be defined by

)= o[ Gl (D.162)
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Spg(p) = clg,, S Glyip)ay (D.16b)

As long as the fluid mechanics of the flow is unaffected by the chemical reac-
tions (e.g. low heat release), the pdf of the nonreacting flow may be used to
predict the amount of product in the reacting case through equations (D.15)
and (D.18). Then, fluid mechanics and mixing determine the pdf, p(£,v), and
chemistry determines the dependence of product concentration on composition
namely G(€:¢). G(£:¢) would be proportional to the temperature rise due to
heat release in the case of combustion, and the fluorescence intensity in the

case of LIF chemically reacting experiments.

Before we leave this section, it should be pointed out that the total mixed
fluid probability, P(y), the average mixed fluid concentration, C,(y), and the
total mean mixed fluid concentration, Cy, can be related to the average product
at large and small ¢'s. In these limits we have

Cy(¢1=) = Cyy £ for g » =
Go(€:0) =Cpo (1—¢) forp-=0

which result in the following relations

Ply) = é;%’l;m) + (?;‘(Ci;o) (D.17)

Coly 1=)/Chy

Caly) = T =)Cn s Ty 070 (D.18)
Gpl("")
Cyg = dpi("") T 5p2(0) (D.19)
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D.2.1. Product Concentration in LIF Experiments. Discussion of §A.2 indi-

cates that
v v
0 for 2 2
fluorescence Vg * U Vg + U
intensity vy Vp v, (D.20)
Cg |1 — e for >
o Vg + Uy Vg + Up Vg U e
where
vg = volume of acid /dye solution

v, = volume of base solution

Ca, = free stream dye concentration, premixed with

the acid solution

)
—2 = base volume fraction at the threshold
Vg + Uy iy

condition for fluorescence turn-on

The product in these experiments is the fluorescence intensity. Two cases can

be defined, depending on which chemical is on the high speed side, as follows :

a) base on the H.S,, acid/dye on the L.S. side

0 for ¢ < £
Colt i) = : e (D.21a)
P Cs, (1—¢&) for¢> ?5:7

where

e - Yo
= D.21b
1+¢ [v,, + v ]tm- ( )
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or

b) base on the L.S., acid/dye on the H.S. side

Co ¢ for §< —£—

Go(&:9) try
P =
0 for £> 22—
l+¢
where
4 -1 Uy - Vg
1+¢ Vg Vb e Ve + Vo [ope
or

(D.21c)

(D.22a)

(D.22b)

(D.22¢)

Comparing equations {D.21a) and (D.22a) with (D.14) shows that the product

concentrations are identical in form with one exception. The product concen-

tration in the LIF experiments is a " one-sided " triangle. This, of course, is the

consequence of the chemical environment requirements for fluorescence. A

sketch of C,J for the two cases discussed is shown below.

Cdo Seo .
Cp(€;¢ Cp(€»¢)
o} ¢/|+¢ | o ¢/|+¢ |
€ 3
Base On H.S. Base On L.S.
Acid On L.S. Acid On H.S.

Figure D.3

Cdo
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Figure 7 Inside and Outside Views of Reticon Camera
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a) ¢ = 1/1.8 Acid/Dye on High Speed and Base on Low Speed

b) ¢ = 1.8 Acid/Dye on Low Speed and Base on High Speed

Figure 8 Photograph of Chemical Reaction in a Shear Layer
(£/1.8, 2 msec Exposure), High Speed on Top, U, = 42 cm/sec,
r = 0.45, Flow from Left to Right
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Figure 18 Spatial Stability of the Mixing Layer
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PDF of the Composition Field of the Entire Layer above the Mixing Transition

Figure 23
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b) Probability of Finding Pure Low Speed and High Speed Fluids

Figure 33 Effect of Resulution on the Transverse Profiles
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Figure 33  Continued
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Figure 40a Flow Image of Figure 38, ¢ = 1/10

Figure 40b  Flow Image of Figure 39, ¢ = 10
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