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Laser-Induced Fluorescence Measurements
of Mixed Fluid Concentration in a Liquid Plane Shear Layer

M. M. Koochesfahani* and P. E. Dimotakist
California Institute of Technology, Pasadena, California '

The processes of entrainment and mixing are investigated in a nonreacting, uniform density, liquid mixing
layer. Laser-induced fluorescence diagnostics and high-speed, real-time digital image acquisition techniques are
combined to measure the probability density function of the composition field. Results show that the vortical
structures in the mixing layer initially roll up with a large excess of high-speed fluid in the cores. It is found that
the mixed fluid composition, above the mixing transition, is essentially uniform across the entire transverse ex-
tent of the layer and is asymmetric with a bias in favor of the high-speed fluid. Preliminary observations indicate
that the composition of the mixed fluid is more uniform across a liquid shear layer than that in the gaseous layer.
The important effect of the resolution capability of the measurement apparatus on the results are discussed and
comparisons with recent theoretical calculations are presented.

Introduction

THE majority of the studies on mixing characteristics of
turbulent plane shear layers to date have been performed

in the gas-phase flows. Results from such studies, both in react-
ing and nonreacting cases,1'6 suggest that the entrainment
into the fully developed turbulent layer is asymmetric in favor
of the high-speed stream. In some cases the distribution of
mixture composition has also been measured,2'22 with conflict-
ing results that will be discussed in due course later in this
paper.

By contrast, studies of mixing in liquid mixing layers are
few and the fluid composition distribution in this case has,
in fact, not been measured. The distinction between gas and
liquid, in the context of mixing, arises from their different
molecular diffusivities. A gas is characterized by a high mass
diffusion coefficient or, in nondimensional form, a low
Schmidt number of approximately 0.7, where the Schmidt
number, Sc = *>/£>, is the ratio of the diffusion coefficient of
momentum to that of mass. A liquid has a low mass diffu-
sion coefficient and in the present case of water as the work-
ing fluid, Sc«600. The study of mixing in the limit of a high
Schmidt number—i.e., a liquid—is expected to increase the
present understanding of the processes of turbulent transport
and mixing and also provides a test bed for the current
theoretical models of these processes.

Turbulent transport and mixing were recently investigated7

in a liquid-phase chemically reacting mixing layer at a
moderate Reynolds number corresponding to the early stages
of the mixing transition. Even though the results were
qualitative, the composition of the mixed fluid was found to
be consistent with the entrainment asymmetry. Furthermore,
the photographic evidence led to the speculation that this
composition could be fairly uniform across the width of the
mixing layer.

To quantify these results, a detailed study of the concen-
tration field in a liquid plane mixing layer was undertaken
with the primary objective of measuring the distribution of
the composition field. The diagnostics were based on laser-
induced fluorescence (LIF). A fluorescent dye, which was
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premixed with the low-speed freestream 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 con-
served passive scalar. The fluorescence intensity was mea-
sured along a laser beam, extending across the width of the
shear layer, using a 512 element linear photodiode array. In
this manner, essentially simultaneous multipoint measure-
ments of species concentration were obtained in the field of
illumination with high spatial and temporal resolution. To
the extent that a passive scalar technique was used here to
measure mixing, these liquid-phase measurements are
equivalent to their counterpart in the gas phase.1'2'22

Data are presented here at Reynolds numbers both below
and above the mixing transition. In the shear layer, the mix-
ing transition is a region corresponding to the introduction
of small-scale, three-dimensional motions into the layer.2'8'9
In the present experiments, the flow parameters required to
generate pre- and postmixing transition flows were deter-
mined on the basis of Breidenthal's data.8

Experimental Facility and Instrumentation
The experiments were conducted in the water mixing layer

facility designed by Breidenthal.8 It is a gravity-driven ap-
paratus in which the freestream fluids are supplied from two
independent reservoirs. The low-speed freestream fluid was
prepared by adding sodium fluorescein dye to water to a
concentration of about 5 x l O ~ 7 M (molar concentration),
whereas the high-speed freestream was pure water.

The beam of a 3 W argon ion laser (Coherent Radiation
CR-3) was passed through a converging lens to produce a
thin beam (diameter in the range of 0.5-1 mm) aligned with
the transverse direction of the mixing layer at the midspan
position. Variations of the beam diameter along the width of
the test section were minimized by using a long focal length
lens. The fluorescence intensity along the beam was mea-
sured by a Reticon 512 element self-scanning linear photo-
diode array (see Fig. 1). Even though the reservoir fluids
were filtered, scattering of the laser light, mainly at 488 and
514.5 nm, by unwanted particles was observed. An orange
photographic filter (Hoya no. 15) effectively blocked any
scattered light below 520 nm.

Each element (pixel) of the array receives light from an
area in the object plane that is determined by the effective
aperture of the pixel (about 25 x 25 /xm) and the magnifica-
tion ratio of the collecting optics (typically 1:4). This area
defines the spatial resolution in the plane of the array and
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for these measurements was given by Axx Ay~ lOOx 100
jLtm, where Ax and Ay are the spatial resolution in the flow
direction x and the transverse direction y, respectively. The
spanwise resolution Az is determined by the laser beam
diameter (see Fig. 2).

Reticon array data were acquired by a computer data ac-
quistion system based on a PDF-11723 CPU. The output of
the array was digitized by a single-channel 8-bit analog/
digital (A/D) system capable of 107 conversions/s. This A/D
system was designed and built in-house by P. Dimotakis, D.
Lang, and D. Kerns. The A/D communicates with a DEC Q-
bus through a high-speed synchronous bus (D-bus) and a
direct memory access (DMA) interface. The D-bus is capable
of 12 Mbytes/s and was designed, also in-house, by D. Lang
and P. Dimotakis. See Fig. 3 for a schematic of the data ac-
quisition system.

For the experiments reported here, the array was clocked
at 640 kHz, which corresponded to a scan time (or temporal
resolution) of 0.8 ms and a scan rate of 1250 scans/s. In one
case, data were recorded also at 8 ms scan time (64 kHz
clock) in order to investigate the effects of degrading the
temporal resolution. Two types of data were generally
recorded. The first type was acquired at the maximum array
clocking rate (i.e., at 640 kHz), stored in the computer
memory at that rate, and subsequently recorded on a high-
speed disk. In this case, the amount of data, as limited by
the system memory, corresponded to 384 scans, each at 512
points across the layer, for a total flow time of 307 ms. This
type of data, although suitable for examining the detail
structure of the flow, was not sufficient for reliable statistics,
since the flow time typically corresponded to the passage of
only a small number of large structures.

A second set of data was obtained for statistical purposes
by acquiring a long and contiguous data record. Sharing the
computer bus cycles between the A/D board and the disk
controller, however, limited the fastest rate at which large
amounts of data could be digitized and transferred to the
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Fig. 1 Optical setup.

disk continuously. To accommodate the maximum data rate,
only one out of every eight pixels was digitized, which in ef-
fect reduced the transfer rate to 80 kHz without compromis-
ing the spatial and temporal resolution of each pixel. With
this arrangement, large (up to the disk capacity) amounts of
concentration data could be obtained continuously at 64
points across the layer essentially simultaneously. The
amount of data per run typically corresponded to the
passage of about 100 large structures (approximately
2.5x 106 numbers).

Data Reduction
In this section the steps for converting the raw

fluorescence intensity data to high-speed fluid concentration
are described.

Computing the Dye Concentration
The output of the /th pixel below saturation, in response

to the fluorescence intensity at point yf along the beam, may
be written as10

(1)

where V(i) is the output voltage, R(i) the pixel sensitivity in
V/(J/cm2), 17 the optics collection efficiency, 12(0 the
subtended solid angle, Ts the array scan time, 7^(0 the
fluorescence intensity issued from point yi9 and D(i) the dark
response.

Note that the photon shot noise has been neglected in Eq.
(1) since the typical maximum signal amplitude in the present
experiments corresponded to about 6xl06 photons. The
fluorescence intensity If is linearly proportional to the local
dye concentration Cd and the local laser intensity 7 and is
given by

If = aCdI (2)

where a is a constant of proportionality determined by the
properties of the dye and the optical setup.10

The laser intensity is not uniform along the beam and, at a
point yh can be written as

(3)expl -
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Fig. 3 Schematic of data acquisition system.

Fig. 2 Schematic of focusing arrangement. Fig. 4 A typical pdf.
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where / is the laser intensity, 70 the laser intensity in the
absence of attenuation, e0 the dye molar absorption coeffi-
cient, and Cd the local molar dye concentration. The first
term accounts for the laser intensity variation as established
primarily by the converging lens. The second term accounts
for the cumulative absorption between a reference point in
the freestream, imaged on the first pixel, and point yt.

Combining Eqs. (1-3) and lumping all of the parameters
that are independent of the dye concentration into a single
term /3(/) gives

(4)

The quantity (3(i) contains the effects of nonuniformity of
imaging and pixel sensitivity, laser beam diameter variation,
and possible small misalignments between the array and 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). The
approximation

the calculations for many problems of practical interest in
chemically reacting flows requires the knowledge of the pdf
for that flow. This approach is discussed in some detail by
Bilger.11 This section serves to introduce the definitions and
properties of the quantities discussed in this work and how
they are related to the pdf.

The output of each photodiode of the array results in the
measurement of concentration as a function of time %(t) at
the corresponding imaged point in the layer. Note that £ is
defined in the previous section as the high-speed fluid
volume fraction. The probability density function of £ at a
given point y in the layer is denoted by p(£,y) and is the frac-
tion of time that £'(f) falls inside the range (
Specifically,

(8)

for small A£. In these measurements, the range of £ was
divided into 32 levels so that A£ was equal to 0.031. Nor-
malization of the pdf requires that

(9)

reduces Eq. (4) to

The average concentration of high-speed fluid £ is then given
by

(10)

0(0
(5)

To extract the dye concentration at a given point, the in-
stantaneous laser intensity at that point must be known. The
laser-beam is attenuated, however, in passing through the
dye concentration field that is set up by the flow. One ad-
vantage of linear arrays is that each scan of the array con-
tains information at many closely spaced points essentially
simultaneously. This, in effect, allows one to perform the
operation indicated by Eq. (5) on the data and remove the
effects of attenuation and various nonuniformities on a scan-
by-scan basis.

Inferring the High-Speed Fluid Concentration
The local instantaneous dye concentration Cd in a sam-

pling volume is given by

(6)

where CdQ is the freestream dye concentration carried by the
load-speed fluid, v2 the volume of low-speed fluid in the
sampling volume, and vl the volume of high-speed fluid in
the sampling volume. The normalized concentration of high-
speed fluid £ is thus equal to

£ — 1 — c /c* n\s — A ^d'^d§ \'J

where % = vl/(vl + v2) is defined as the high-speed fluid
volume fraction.

Equations (5) and (7) form the basis of calculation of the
local instantaneous concentration. Since the whole width of
the shear layer is imaged on the array, CdQ is available for each
scan making calculation of Eq. (7) relatively simple.

Calculation Based on the PDF
A useful way of studying the concentration field is in

terms of its probability density function (pdf). The interest in
the pdf stems from the fact that an important approach to

A typical p(£,y) is shown in Fig. 4. The two "delta" func-
tions at $ = 0,1 are associated with the pure unmixed fluids
of the low- and high-speed sides, respectively. Their widths
are dictated by the overall signal-to-noise ratio of the
measurement and therefore, are not zero in practice. Con-
centrations in the range 0 < £ < e are assigned to pure (un-
mixed) low-speed fluid and 1 - e < £ < 1 to pure high-speed
fluid. The range e < £ < l - e would, therefore, correspond to
mixed fluid. The value of e was 0.031 [same as A£ in Eq.
(8)]. The mixed fluid pdf (i.e., excluding the two delta func-
tions) may be characterized by its area and first moment as
defined below.

The area under the mixed fluid pdf P gives the total prob-
ability of finding mixed fluid at any concentration. It is
given by

(ii)

A value of P(y) less than unity signifies the presence of un-
mixed fluid. The following two reference quantities were
defined based on P(y). The location y = 0 was arbitrarily
chosen to coincide with the point where the total probability
of finding mixed fluid was at a maximum [i.e., position of
maximum P(y)]. A reference thickness d{ was defined as the
19/o width of the total mixed fluid probability P(y), where P
had dropped to 1% of its maximum value. d{ was found to
agree very well with the visual width of the layer10 and,
therefore, it is referred to here as the layer visual thickness.

The first moment of p(Z,y)9 also called the average mixed
fluid concentration, is given by

/$;
which can also be written as

(12a)

(I2b)
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Fig. 5 Digital LIF picture before the mixing transition, U2/Ul=to.46, /?e~1750; a) single vortex, b) pairing vortices.

40
mm

Fig. 6 Digital LIF picture above the mixing transition,
U2/Ul=Q.3^, Re~ 23,000.

And finally, we define the total mixed fluid concentration
for the entire layer by

CM=\+°°P(y)Cm(y)dyl\+'*P(y)dy (13)
J —oo / J — oo

Results and Discussion
Results below the Mixing Transition

A sample of the digital LIF data in a plane mixing layer is
displayed in Fig. 5. The two photographs, taken from a
digital image processing monitor screen, show the concentra-
tion field before the mixing transition as defined by Breiden-
thal.8 The data were recorded at a downstream distance
from the splitter plate of x= 18 cm with U{ = 13 cm/s and
U2/Ui =0.46. The local Reynolds number, based on the
local visual thickness d{ and the velocity difference A (7, was
Re = d{AU/v~\15Q. Each picture represents 384 successive

TT v/8,

TIME (msec )

Fig. 7 High-speed fluid concentration vs time above the mixing
transition, U2/Ul =0.38, /te«23,000, 0.8 ms scan.

scans, each at 400 points across the layer, for a total flow
time of 307 ms.

It should be emphasized that, technically speaking, these
are not "photographs." The vertical extent maps into 40 mm
of the transverse coordinate of the shear layer. The horizon-
tal extent is time (increasing from right to left). These y-t
pictures were constructed in the computer by transmitting to
the image processor, in reverse order, consecutive scans of
the array for processing and display. The grey level assign-
ment is such that the intensity varies linearly with £, with
white corresponding to pure (unmixed) high-speed fluid
(£ = 1) and black to pure low-speed fluid (£ = 0) with in-
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Fig. 8 pdf of the composition field above the mixing transition,
U2/Ul=Q.3&, /te«23,000, 0.8 ms scan.

termediate shades of grey (i.e., 0<£<1) indicating mixed
fluid.

Figure 5 shows that the concentration field before the mix-
ing transition is rather simple. It consists of pure unmixed
fluids originating from either high- or low-speed freestreams.
Mixed fluid is found only at the thin interfaces separating
the two fluids. The large excess of high-speed fluid in the
core of the structures is noteworthy. This result and also
measurements at stations closer to the splitter plate10 indicate
that the vortical structures in the mixing layer initially roll up
with a large excess of high-speed fluid entrapped in their
cores. This behavior seems to have gone mostly unnoticed,
even though photographic evidence for it has been available
(see, for example, Refs. 1, 12, 13). It must be emphasized
that this initial large asymmetry in the core composition is
different from and should not be confused with the entrain-
ment asymmetry into the fully developed layer. There is no
clear explanation for this phenomenon and, in fact, many
calculations of the mixing layer in the past (e.g., see Refs. 14
and 15) have produced symmetric patterns in disagreement
with the observations made here.

Results above the Mixing Transition
A y-t "photograph" of the composition field above the

mixing transition is presented in Fig. 6. It was prepared in
the same fashion as Fig. 5. The data were recorded at x = 25
cm with C/!=70 cm/s and C/2/C/i =0.38. The value of the
local Reynolds number was Re~23,000. The change in the
apparent aspect ratio of the large structures is the result of
the fixed scanning rate used in these measurements and the
increase of the freestream velocities. Figure 6 exemplifies the
essential features of the flow in this region. Consistent with
previous results,16'18 it can be seen that the vortical motion
of the structure transports fresh fluid from the high-speed
side (white) all the way down to the low-speed side (black)
and vice versa. The most striking result is the rather uniform
composition of the fluid inside the structure, which is more or
less of the same shade of grey. There is no tendency toward
lighter shades in the neighborhood of the high-speed side or
toward darker shades on the low-speed side. These observa-
tions are in general agreement with those of Wygnanski et
al.19 in their heated mixing layer (e.g., see their Fig. 7).

Time traces of the high-speed fluid concentration, above
the mixing transition, are shown at seven locations across the
layer in Fig. 7. Each time trace is composed of 500 con-
secutive data points connected by straight lines. 5} in this

a) b)
Both (a) And (b) Have The Some Dye Concen t r a t i on

Fig. 9 Problem of probe finite sampling volume.

figure represents the visual thickness of the layer. Note the
presence of unmixed low-speed fluid ($ = 0) on the high-
speed side (y>0) and unmixed high-speed fluid (£ = 1) on the
low-speed edge (y<0) of the layer. These time traces and
also Fig. 6 show no evidence of a linear mean composition
across a single vortex observed in gaseous layers.1'5 The
probability density function (pdf) of the composition field
p(Z>y) was calculated from a long contiguous time series cor-
responding to the passage of approximately 100 structures
and is shown in Fig. 8. The lateral composition uniformity,
indicated qualitatively in Fig. 6, is confirmed by these data.

The most significant feature is that the apparent func-
tional form of the mixed fluid pdf changes very little across
the mixing layer (Fig. 8). This means that a given mixed fluid
composition has roughly the same probability, relative to
other mixed fluid compositions, of being observed regardless
of position in the layer. Therefore, to the first order, we may
think of the mixing layer as composed of structures filled
with mixed fluid of a spatially uniform range of composi-
tions. The absolute mixed fluid probability, at a given lateral
point, is then proportional to the fraction of time that the
observer spends inside the structures.

Another notable feature is that the mixed fluid composi-
tion is asymmetric and biased toward the high-speed fluid,
implying that the entrainment into the layer is also asym-
metric in favor of the high-speed fluid. This issue will be
discussed in the following subsection.

Calculated Results and the Effect of Resolution
The present study of mixing in the shear layer yields an

upper bound to the actual molecular mixing, which is perti-
nent to chemically reacting applications. This is a conse-
quence of the fact that the measurement sampling volume, as
determined by the resolution characteristics of the measuring
apparatus, is larger than the smallest mixing (diffusion)
scales. As an example, the smallest mixing scale in the high
Reynolds number case has been estimated8-10 to be about 1
/urn, which is almost three orders of magnitude smaller than
the resolution capability of the present measurement. This
leads to an ambiguity that is illustrated in Fig. 9. Within the
resolution volume of the measurement device, shown here
symbolically by a rectangle, it is impossible to determine
whether the two fluids are mixed or not. While we could
make sound statements about mixing and concentration fluc-
tuations down to the resolution scale of the measuring
device, the only piece of information about the inside of this
volume is the average concentration. It should be noted that
the resolution difficulty described above is not limited to the
present experiment, but also may affect any experiment that
uses the passive scalar technique to measure molecular mix-
ing (e.g., Refs. 1, 2, 4, and 22). See Ref. 10 for more discus-
sion of resolution.

The pdf of the composition field, shown in Fig. 8, can be
used to calculate the transverse profiles of some quantities of
interest [see Eqs. (10-13)]. In order to investigate the effect
of resolution on the results, the 'measurements above the
mixing transition were repeated with the temporal resolution
of the measurement degraded tenfold. This was done by in-
creasing the array scan time from 0.8 to 8.0 ms. Results are
reported below for both scan times.
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a) Total mixed fluid probability P(y}.

25 .50 .75

o
&.

-.75 -.50 -.25 .00 .25 .50 .75

y/8,
b) Probability of finding pure low- and high-speed fluids.
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c) Average mixed fluid concentration Cw(y).
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Q 8.0 msec scan

-.75 -.50 -.25 .00 .25 .50 .75

y/8,

d) Average high-speed fluid concentration £O).

Fig. 10 Calculated transverse profiles above the mixing transition.

a) pdf from Kollman and Janicka.

b) pdf, present results.

Fig. 11 Comparison of measured pdf with Konrad.2

b) pdf, present results.

Fig. 12 Comparison of measured pdf with calculations of
Kollmann and Janicka.24
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The total probability of finding mixed fluid P(y) [see Eq.
(11)] is shown in Fig. lOa. Note that the probability of find-
ing unmixed fluid is never zero, even in the center of the
layer. The effect of lowering the resolution is to increase
P(y) everywhere in the layer indicating more mixed fluid.
The increase of P(y) is accomplished at the expense of lower-
ing the probabilities of finding pure low- and high-speed
fluids (see Fig. lOb). As Fig. lOc illustrates, the average
mixed fluid concentration Cm for the 0.8 ms scan shows little
variation across the layer, consistent with the transverse
uniformity of the pdf's in Fig. 8. The variations of Cm
across the layer increases when the resolution is degraded,
causing an increase of mixed fluid concentration on the high-
speed side (y>0) and a decrease on the low-speed side
(y<0). It is interesting to note that the lack of adequate
resolution seems to have changed the measured Cm profile in
a direction that is qualitatively similar to what might be ex-
pected from an enhanced molecular diffusion process. The
average concentration profile £(y), displayed in Fig. lOd, is
not affected by a change in resolution, since it is based on
the measurement of the average dye concentration. The
peculiar shape of this profile, which is characterized by three
inflection points, has been observed previously.1'2'18'20

Fiedler1 has concluded that the shape of this profile suggests
a transport mechanism in which large-scale motion plays an
important part.

That the lack of adequate resolution would give results in-
dicating a higher degree of mixing is not new and was ex-
pected. However, these results also suggest that the resolu-
tion problem can lead to a measurement indicating a com-
position field that is less uniform across the layer than it
really is (e.g., see the Cm profile in Fig. lOc). It is not clear
how measured results at two different resolution levels, such
as those presented in Fig. 10, can be extrapolated to the limit
of *'perfect" resolution. Such an extrapolation would in
principle depend on the spectral characteristics of the com-
position fluctuations, which are not known a priori. In addi-
tion, one might expect that a resolution adequate to
reproduce one quantity, e.g., the Cm(y) profile, may not
necessarily be adequate for the measurement of another,
e.g., the P(y) profile. For example, if the resolution volume
happens to contain unmixed volumes of the fluids from the
two freestreams at the proper ratio, the measured value of
Cm would be correct, but not the value of P.

It was mentioned earlier that the composition of the mixed
fluid is asymmetric and biased toward the high-speed fluid
(see Fig. 8). Using Eq. (13) and the pdf's of Fig. 8, the
average concentration of the mixed fluid for the whole layer
CM was calculated to be 0.60, indicating a mixture of 1.5
parts of high-speed to 1 part of low-speed fluids. If the no-
tion of entrainment limited mixing above the mixing transi-
tion is correct, to the extent that the composition of the
mixed fluid is determined by the amounts entrained from the
two sides, we would conclude that the entrainment ratio E
equals 1.5 in this case. This value is to be compared with the
previously suggested2'21 value of 1.3 for the velocity ratio
used in this experiment.

Comparisons
Figure 10(a) shows that there is at l^ast 10% probability of

observing unmixed fluid in the center of the liquid mixing
layer. This is higher than the value of 6% reported for
gaseous layers at comparable Reynolds numbers.1'2 The
average mixed fluid concentration Cm (see Fig. lOc) is com-
pared with the equivalent quantity measured in a gaseous
layer by Fiedler (see Fig. 15 of Ref. 1). Our results show that
the variation of this quantity across the layer is considerably
less in the liquid than in the gas case. This implies that the
mixed fluid composition in a liquid mixing layer may be
more uniform laterally than that in the gaseous layer.

The general structure of the pdf of the mixed fluid com-
position that has been presented here for a liquid shear layer
is similar to that measured in a gaseous layer by Konrad2

(see Fig. 11). These results are in disagreement, however,
with the measurements of the temperature pdf in a gaseous
mixing layer by Batt22 and the recent theoretical calculations
of Pope23 and Kollmann and Janicka.24 The results of these
calculations, both of which make use of a gradient diffusion
model for turbulent transport, compare well with the
temperature pdf of Batt. It would be expected that these
calculations would also be applicable to the present case of a
liquid, since they do not explicitly depend on the mass diffu-
sion coefficient or, in nondimensional form, on the Schmidt
number.

A comparison between the pdf calculated by Kollmann
and Janicka24 and the present results is shown in Fig. 12.
These two suggest different mechanisms for turbulent
transport and mixing. The calculated pdf's (Fig. 12a) change
from point to point across the mixing layer and are more or
less centered around the local mean at each location, whereas
the form of the pdf's measured here (Fig. 12b) remains
nearly the same all across the transverse extent of the layer.
Note, for example, the trend of the peaks in the calculations,
as opposed to their relatively fixed position in the
measurements. Our results indicate that the processes of tur-
bulent transport and mixing, in this flow, are not adequately
described by the commonly used models of these processes.
Comparison with the findings of Pope23 leads to the same
conclusions.

The results presented above suggest that a fluid element in
the liquid mixing layer is found in one of three types of
fluids: unmixed high-speed fluid, unmixed low-speed fluid,
and mixed fluid at a composition whose pdf is essentially
uniform across the layer. This description of fluid states in
the turbulent mixing layer is qualitatively similar to that of
Broadwell and Breidenthal25 applied to the case of a liquid
(high Schmidt number), with the exception that they repre-
sent the mixed fluid concentration at any point by a single
value (delta function pdf). The description above is not
limited to the flow Reynolds number presented in this paper
and is consistent with the results of chemically reacting ex-
periments at higher Reynolds numbers.10

Conclusions
The results presented show that the initial roll-up of the

vortical structures in the mixing layer is not symmetric in the
lateral direction and is such that a large excess of high-speed
fluid is entrapped in the cores. Above the mixing transition,
the composition of the mixed fluid is found to be essentially
uniform across the width of the shear layer. It is asymmetric
and biased toward the high-speed fluid, implying that the en-
trainment into the fully developed shear layer is also asym-
metric. In the case of the high Schmidt number investigated
here (water), the probability of finding unmixed fluid is
never zero, even in the center of the layer, and it is higher
than what has been measured in the gaseous case. This im-
plies that the Schmidt number is an important parameter in
turbulent mixing of high Reynolds number flows. The
evidence suggests that the mixed fluid composition is more
uniform across a liquid shear layer than that in the gaseous
layer. Results show that the lack of adequate resolution of
the measurement apparatus can indicate a composition field
for the mixed fluid that is less uniform across the layer than
it really is. Comparison with recent theoretical calculations
indicates that the process of turbulent transport and mixing,
in the case of the mixing layer, are not adequately described
in these models. The fluid composition in the mixing layer,
suggested by the present results, is in qualitative agreement
with many aspects of the theoretical model of Broadwell and
Breidenthal.
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