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ABSTRACT
Previous investigations have demonstrated that it is possible to obtain quantitative images of subresolution
molecular mixing in free shear flows using chemically reactive tracer species. The advantage of such techniques over
highly-resolved measurements is their ability to obtain molecular mixing data over the entire flowfield, and as such, to
study the effects of large-scale motions on molecular mixing. In gaseous flows, this has been accomplished using
simultaneous cold-chemistry (nitric oxide) and passive scalar (acetone) planar laser-induced fluorescence. The
current work summarizes the theoretical and experimental bases for this technique, discusses the unique advantages
of using simultaneous tracers, and analyzes various sources of error and uncertainty that can degrade quantitative
accuracy. Such errors can result from the use of nitric oxide quenching corrections, differential diffusion of tracer
species, and finite imaging spatial resolution. Results from experimental measurements are presented in conjunction
with a direct numerical simulation of species transport in a driven axisymmetric jet.

1. INTRODUCTION
The effect of large-scale structures on localized molecular mixing and chemical reaction rates is of considerable
interest in the combustion and chemical processing communities. Planar laser-induced fluorescence (PLIF) has been
used extensively to image the scalar field in both reacting and non-reacting flows, and a variety of laser-based
techniques have been implemented, such as three-dimensional (Hanson 1986), multispecies (Yip, et al. 1994, Seitzman,
et al. 1994), and high resolution (Dahm, et al. 1991, Su and Clemens 1998) measurements. In most experiments with
high-speed flows, however, one must choose to image either the large-scale structures or the finest mixing scales, but
not both. An exception is in the acid-base chemical product visualizations of liquid mixing first used by Breidenthal
(1981) and extended for use with PLIF by Koochesfahani et al. (1985). Because of the considerable difference in
Schmidt numbers between liquids and gases, however, an analogous technique for gaseous flows is required.
Such a technique for gas phase measurements of molecular mixing in low-speed flows has been proposed by Yip, et
al. (1994) using sensitized phosphorescence. For high-speed flows, simultaneous imaging of large-scale structures
and molecular unmixedness has been achieved by using the so-called cold-chemistry (fast-quenching) behavior of
nitric oxide (NO) fluorescence in the presence of oxygen (Paul and Clemens 1993, Clemens and Paul 1995). While
mixing statistics can be obtained on a time-averaged basis using a flip experiment (Island, et al. 1996), the obvious
limitation of this technique is that it cannot be used to obtain instantaneous images of molecular mixing.
The first technique to measure instantaneous molecularly mixed fluid quantities while simultaneously visualizing the
large-scale structures in high-speed gaseous shear flows was implemented by King, et al. (1997). This technique
uses acetone PLIF as a passive-scalar measurement of the fluid fractions from each fluid stream of a shear layer, and
uses NO PLIF simultaneously to obtain the molecularly unmixed fluid fraction. Thus, the instantaneous molecularly
mixed fluid fraction, mixing efficiency, and relevant statistics can be obtained in post-processing. A number of
studies in driven jets and high-speed turbulent jets have been performed using this approach (King, et al. 1999,
Meyer, et al. 1999a,b), and measurements are currently underway in a planar shear layer facility. In this paper, the
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capabilities and limitations of the technique are discussed from the standpoint of acquiring quantitative results, and
as a means of performing basic research on turbulent mixing. As a necessary step to understanding and avoiding
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Figure 1: Simultaneous NO and acetone PLIF lasers and optics.

possible sources of uncertainty, we begin with an overview of experimental considerations, dual-tracer PLIF theory,
and image processing procedures. More advanced considerations, such as the implementation of finite quenching
rate corrections for NO fluorescence, are then discussed. Differential diffusion of air and acetone with nitrogen,
which limits the ability of acetone to act as an accurate tracer for air, is evaluated and compared with results from a
direct numerical simulation (DNS). Finally, errors due to finite resolution are assessed in the context of making
resolution free measurements of molecular mixing.

2. EXPERIMENTAL SET-UP
The experimental set-up for dual-tracer PLIF is discussed by King et al. (1997, 1999) and Meyer et al. (1999a), and is
summarized here for reference. The typical set-up for simultaneous NO and acetone PLIF lasers and optics is shown
in Fig. 1. The excitation spectrum for acetone ranges from 225 to 325 nm, with a peak at 275 nm. Thus, acetone
excitation was achieved using a frequency quadrupled Nd:YAG laser, which produced a 266 nm beam with pulse
energies of about 100 mJ. The excitation spectrum for NO has discrete peaks corresponding to various rotational
transitions. Excitation of the NO γ-band Q1(1)-Q1(4) transitions centered at about 226.185 nm wavelength was
achieved using the frequency doubled output of a Nd:YAG-pumped dye laser, with final pulse energies of about 0.5
mJ. The two beams were combined using a dichroic mirror, then formed into a sheet that was 25 mm in height and 250
µm thick. In current experiments, pyroelectric joule meters are used to measure both beam energies simultaneously
with each camera exposure event. This is useful during post-processing for distinguishing between the temporal
variation of beam energy with that of seeding density in the PLIF images. Knowledge of the relative image-to-image
beam energy is useful in laser sheet profile corrections, and knowledge of the seeding density improves the accuracy
of NO quenching corrections.
The jet fluid consisted of nitrogen seeded at 200-300 ppm NO, and the co-flow air was seeded at 4.6% acetone by
mass. Note that the nitrogen was selected as the carrier fluid for NO because its quenching cross-section is at least
three orders of magnitude smaller than that of oxygen. As the carrier fluid for acetone, air served not only to quench
NO fluorescence upon molecular mixing, but also quenches any acetone phosphorescence. The signal from acetone
PLIF ranges from 300 to 700 nm, with a peak at about 450 nm. It was collected using a 512x512 CCD camera equipped
with a 1.2 f# glass lens, and is capable of 42% quantum efficiency at 450 nm. The glass lens filtered stray UV light
from both incoming laser beams, and filtered the UV fluorescence from the NO PLIF signal. The signal from the NO
PLIF consists of discrete wavelengths ranging from 225 to 300 nm. It was collected with an identical 512x512 CCD
camera equipped with a 4.5 f# multielement UV lens, and is capable of 15% quantum efficiency at 240 nm. No UV
filters were used to remove scatter from the incoming laser beams, although repeatable scatter was removed via
background subtraction in post-processing. The lower quantum efficiency and higher f# of the NO camera helped to
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minimize the visible acetone fluorescence collected by the NO camera. Earlier experiments did not use a filter to
prevent the NO camera from collecting visible acetone fluorescence. In subsequent experiments, a filter was used in
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front of the UV camera in order to reduce the residual acetone signal by about 50%.
3. DUAL-TRACER PLIF THEORY
For a given imaging system with uniform laser intensity, weak laser excitation (linear regime), frozen rotational
manifolds (two−level model), and constant overall number density, the PLIF signal, Sf,i from each seeded fluid, i, is
proportional to the mole fraction of seeded fluid, xi, and the fluorescence efficiency (Eckbreth 1988).
S f ,i ≈ xi

Ai
Ai + Qi + Ki

(1)

The local fluorescence efficiency is proportional to the rate of spontaneous emission, Ai, from molecules in the
excited state, and inversely proportional to the rate at which excited molecules are depleted via spontaneous
emission, A i, collisional quenching, Qi, and internal decay, Ki. The determination of molecularly mixed fluid quantities
using simultaneous NO and acetone PLIF is made possible by the disparate fluorescence efficiencies of these tracers
after molecular mixing has taken place (King, et al. 1997).
A detailed discussion of acetone LIF can be found in a number of references (Hansen and Lee 1975, Lozano, et al.
1992). Figure 1(a) shows a simple model of acetone photophysics involving three relevant electronic states. Acetone
molecules are excited by stimulated absorption at a rate Babs from the ground singlet state, So, to the first excited
singlet state, S1. Rapid intersystem crossing then occurs from S1 to the first excited triplet state, T1, at a rate of Kisc ,
leaving only a small fraction of molecules in S1 to fluoresce and decay back down to So. Phosphorescence from T1 is
highly quenched in the presence of oxygen, and is not a factor when acetone is seeded into air. Because of rapid
intersystem crossing from S1 to T1, Kac = Kisc + Kic >> A ac + Qac . Thus, Kac dominates the denominator of Eq. 1, and
the fluorescence efficiency of acetone becomes independent of the quenching environment. When the local
fluorescence signal from the mixing layer (where xac < 1) is normalized to the signal from a pure region outside of the
mixing layer (where xac = 1), the local mole fraction of acetone-seeded fluid, xac , can be found by:

xac =

S f ,ac ( mixing layer )
S f ,ac ( pure region )

=

x ac × ( Aac / Kac )
1 × ( Aac / Kac )

(2)

A five-level energy diagram for NO LIF is shown in Fig. 2(b). In this diagram, v” and J” are vibrational and rotational
levels, respectively, in the ground electronic state (X2Π), and v’ and J’ are vibrational and rotational levels,
respectively, in the first excited electronic state (A 2Σ). In the limit of fast rotational energy transfer, however, this
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five-level model can be approximated with the two-level model from Eq. 1. Fluorescence is then collected from
Figure 3. Sample calculations illustrating the effects of subresolution stirring and mixing in a pixel with two
different fluids in the (a) pure, (b) partially mixed, and (c) fully mixed states.

resonant fluorescence at the excitation wavelength (i.e., path 2-1) and nonresonant transfers with other rotational
levels (e.g., paths 3-1 and 2-4). The transfer rate, T, includes both spontaneous emission, A, and collisional
quenching, Q. The cold-chemistry limit assumes that quenching rates dominate spontaneous emission and internal
decay rates (QNO >> ANO + KNO) and that the quenching rate when NO is mixed with acetone-in-air is much greater
than the quenching rate when NO is in pure nitrogen (Qmixed NO >> Qpure NO). From these assumptions, the normalized
fluorescence signal is a direct measure of the local mole fraction of pure NO-seeded fluid, xpure NO. Using the same
procedure as for Eq. 2 and noting that xNO = xpure NO + xmixed NO, it follows that:

x pure

NO

=

S f , NO ( mixing layer )
S f , NO ( pure region )

=

x pure

NO

d

× A NO / Qpure

NO

i

+ xmixed

d

1 × A NO / Q pure

NO

NO

d

× ANO / Qmixed

i

In a binary mixture, the mole fraction of NO-seeded fluid, xNO, is simply equal to 1-xac .
molecularly mixed NO-seeded fluid can then be found by:

xmixed

NO

= x NO − x pure NO = 1 − xac − x pure

NO

NO

i

(3)

The mole fraction of

(4)

Finally, a mixing efficiency can be defined as the ratio of molecularly mixed NO-seeded fluid to total NO-seeded fluid
such that:

η mixed

NO

=

x mixed
x NO

NO

=

xmixed

NO

1− xac

(5)

The mixing efficiency is an important parameter in that values greater than zero and less than unity indicate that a
pixel is composed of fluid from both fluid streams with at least some of the fluid being unmixed at the molecular level.
Thus, the mixing efficiency can be used to identify regions in which subresolution stirring is takes place.
Figure 3(a)-(c) illustrates how the dual-tracer technique is able to obtain the mole fraction of mixed NO-seeded fluid as
well as mixing efficiency on a pixel-by-pixel basis, and shows why a passive scalar tracer alone can lead to large errors
in the measurement of molecularly mixed mole fractions. In case (a), equal parts of pure fluid from each fluid stream
fill the pixel element. In case (b), some molecular mixing has taken place, but pure fluid regions still exist within the
pixel. In case (c), the fluids in the pixel element are completely mixed. The normalized NO and acetone PLIF signals
and the calculations of mixed NO-seeded fluid and mixing efficiency are shown below each corresponding pixel in Fig.
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3. Note that the passive scalar acetone measurement alone can significantly overpredict the amount of mixed fluid, as
in cases (a) and (b), since it cannot distinguish between the pure and mixed states within a pixel element. The dualtracer PLIF technique, on the other hand, provides the correct amount of molecularly mixed NO-seeded fluid even
though subresolution stirring is taking place in cases (a) and (b).
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4. IMAGE PROCESSING

Figure 4. Simultaneous, raw images of (a) NO PLIF and (b) acetone PLIF. Spatial scales are in
pixels and gray scales are in camera counts.

Image processing procedures for simultaneous visualization of NO and acetone PLIF have been summarized by King
et al. (1997, 1999) and Meyer et al. (1999a). For example, Fig. 4 shows raw images of NO and acetone PLIF from the
driven jet of Meyer et al. (1999a) at Re D = 2300. Once the raw images have been obtained, the image processing
procedures include image matching, background subtraction, attenuation correction, and laser sheet normalization.
Note in both raw images of Fig. 4 that the laser sheet does not illuminate the entire camera viewing area, resulting in a
dark “bar” at the bottom of each image. From this lower region in Fig. 4(a), it is clear that the CCD camera equipped
with a UV lens collects a small amount of visible light (~5-7%) from the acetone signal. This residual acetone signal
can be estimated from the acetone image in Fig. 4(b) and subtracted during post processing. While it is difficult to
detect in Fig. 4(b), the signal from the center of the jet is higher than the unilluminated region at the bottom of the
image due to Rayleigh scattering (~2%). This signal can also be subtracted during post-processing.
Figures 5(a) and (b) show the corrected images that result from the procedures discussed above. As stated
previously, the normalized NO signal in Fig. 5(a) represents the fraction of pure NO-seeded jet fluid, xpure NO, since NO
fluorescence is almost entirely quenched when molecularly mixed with oxygen and acetone in the co-flow air. Thus,
in the relatively laminar vortex rollers shown in the figure, where mixing is dominated by diffusion, one should expect
very little NO signal. The fact that some signal is detected in the vortex rollers of Fig. 5(a) may result either because
of errors when eliminating the residual acetone signal, or from the fact that NO fluorescence is not completely
quenched in the presence of oxygen. The former can be reduced by adding an appropriate filter to the UV lens to
block visible light, and the latter will be discussed further in the context of NO fluorescence quenching corrections.
Based on Eq. 2, the normalized acetone signal in Fig. 5(b) represents the fraction of both pure and mixed co-flow fluid,
xac , since acetone fluorescence remains unquenched when molecularly mixed. Using Eq. 4, the images from Figs. 5(a)
and (b) can be used to calculate the fraction of molecularly mixed jet fluid, as shown in Fig. 5(c). Note that the Mie
scattering apparent in the co-flow region of Fig. 5(a) was removed during post-processing, and does not appear in
Fig. 5(c).
5. QUENCHING
(b)
(c)
(a) CORRECTIONS

Figure 5. Post-processing images of (a) normalized
6 NO PLIF, (b) normalized and remapped acetone
PLIF, and (c) mixed jet fluid fraction. Gray scale is from 0 to 1.

As noted earlier, NO fluorescence is not completely quenched when mixed with only a small amount of air and
acetone. More specifically, the assumptions that QNO >> ANO + KNO and Qmixed NO >> Qpure NO in Eq. 3 may not be
completely valid. The rate of collisional quenching, QNO, at a co-flow mole fraction of 5%, for example, is only one
order of magnitude greater than the rate of spontaneous emission, A NO. The rate of collisional quenching, Qmixed NO ,
at a co-flow mole fraction of 5% is also only an order of magnitude greater than the rate of collisional quenching, Qpure
NO , in the pure NO-seeded nitrogen jet. Thus, cold-chemistry errors are not insignificant in regions of low co-flow
concentration.
One of the benefits of using simultaneous NO and acetone PLIF is that the fraction of air is known from the acetone
signal, and this can be used to calculate the residual NO signal expected at low air concentrations. In previous
investigations, for example, NO PLIF has been used to image the fraction of molecularly unmixed fluid. A flip
experiment is then used to obtain statistics of unmixedness from both fluid streams, and thus obtain statistics of
mixedness on a time-averaged basis. In one such study (Clemens and Paul 1995), significant “halo”regions of low
NO signal (~10%) were reported adjacent to the regions of high NO signal. This is reminiscent of the residual NO
signals shown in the vortex cores of Fig. 5(a). The authors of the study assumed, however, that the residual signal
represented small amounts of pure NO-seeded fluid, which infers that subresolution stirring takes place. At low air
concentrations, however, it is also possible that these “halo” regions were completely mixed, and that the residual
signal resulted instead from the cold-chemistry error discussed above.
In order to quantify the expected residual signal at various co-flow fluid fractions, the quenching cross-sections, σi,
of various relevant species have been calculated using correlations developed by Paul et al. (1994). The quenching
rate, Qi, for each species, i, can then be calculated from (Eckbreth 1988):

Qi = xi NtotVi − NOσ i

(6)

where xi is the mole fraction of species i, Ntot is the total number density as a function of temperature and pressure,
and Vi-NO is the average relative velocity between species i and NO. The total quenching rate is simply the sum of all
the quenching rates for all the species present. By using the two-level model of Eq. 1, the expected normalized NO
signal from Eq. 3 can be calculated as:

S f , NO ( mixing layer )
S f , NO ( pure region)

= x NO

A NO + Qpure

NO

AN O + Qmixed

NO

(7)
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Fig. 6(b) shows that specific knowledge of the quenching environment can be fairly important. In the dual-tracer
technique, for example, quenching due to acetone must also be considered. As shown in Fig. 6(b), the residual NO
signal of 10% occurs at an acetone-in-air co-flow mole fraction of about 5% rather than the 8% for air alone. The NO
seeding density can also have a significant effect on the quenching rate through the term Qpure NO, since NO has a
quenching cross-section that is almost four orders of magnitude larger than that of nitrogen.
Figure 6 clearly demonstrates that the NO signal is not completely quenched even when molecularly mixed with the
co-flow fluid, and a correction should be included in the image processing procedures. Referring to Fig. 6(a), if a pixel
element contained 50% co-flow air, then 50% would consist of the NO-seeded fluid. If all of this fluid was unmixed,
then the passive scalar model would apply, and the expected normalized NO signal would be xNO = 50%. If all of the
fluid was mixed, then the two-level model would apply, and an NO signal of xNO,2-lev = 1% would be expected. If the
pixel element was partially mixed, however, then the experimentally measured signal, xNO,exp, would be somewhere
between these values. A lever rule can then be used to determine xmixed NO as follows:

xmixed

NO

= x NO

( x NO − x NO ,exp )

(8)

( x NO − x NO,2− lev )

Using the same example described above with 50% co-flow air, a sample calculation can be performed using the case
of Fig. 3(b), in which some of the NO-seeded fluid is mixed and some is pure. The signal from the pure region would
be 25%, and the signal from the mixed region would be 0.5%, such that xNO,exp = 25.5%. Using Eq. 8:

xmixed

NO

= 0.5

( 0.5 − 0.255)
= 0.25
( 0.5 − 0.01)

Thus, the correct amount of mixed NO-seeded fluid is obtained. Note that the cold-chemistry model assumes that
xpure NO = xNO,exp. Using this assumption in conjunction with Eq. 4 would lead to xmixed NO = 1 – xac – xpure NO = 0.245, or an
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Figure 7. Plots of the normalized NO fluorescence signal as a function of co-flow air fraction from the two−level
model compared with dual-tracer PLIF data from the laminar diffusion layer.

error of only 2%. Given a co-flow fraction of 5%, however, the cold-chemistry error can be as high as 10-20%.
In order to perform NO quenching corrections effectively, a number of factors should be considered. A low signalto-noise ratio in the acetone images, for example, could lead to large errors in the corrected value of xmixed NO in regions
of low air concentration. For this reason, it may be necessary to use a filtered data set of xac for the quenching
corrections. Care must also be taken to avoid small errors in background subtraction and normalization, as these
would further compound errors in the quenching corrections. A more subtle weakness is that the amount of NO
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quenching is not directly a function of the measured fraction of co-flow fluid, xac . The reason for this is that xac
contains both pure and mixed acetone-seeded fluid. If subresolution stirring of pure acetone-seeded fluid takes place
within a pixel, then the amount of quenching may be overestimated. This weakness is offset, however, by the fact
that quenching corrections are most dramatic in regions of low co-flow fluid concentration. In these regions, co-flow
fluid should mix quickly and large pockets of pure co-flow fluid are unlikely to occur.
Another subtle difficulty is that the amount of mixed NO-seeded fluid is not known a priori. Take an example in which
a pixel element consists of 80% pure NO-seeded fluid, 10% mixed NO-seeded fluid, and 10% mixed co-flow fluid.
Based on Fig. 6, the residual NO signal with xac = 10% is predicted to be about 5%. In reality, the signal from the
region of 10% mixed NO fluid will be reduced to 1% because the mixed region consists of equal parts NO-seeded fluid
and acetone-seeded fluid. To avoid this error, an iterative procedure can be employed using Eq. 8:
Step 1: xmixed

NO

Step 2: xmixed

NO

( 0.9 − 0.802 )
= 0.104
( 0.9 − 0.05)
( 0.9 − 0.802)
= 0.9
= 0.099
( 0.9 − 0.01)
= 0.9

Step 1 leads to an error of 5%. Once the fraction of mixed NO is estimated to be about 10.5%, however, then the
fraction of co-flow fluid in the mixed region would be 10/(10+10.5) or 49%. In Step 2, xNO,2-lev = 0.01 was determined
from Fig. 6 using a co-flow fluid fraction of 49% rather than 10%, leading to an error of only 1%.
6. DIFFERENTIAL DIFFUSION

Absolute Error in X air 10mm Downstream

Absolute Error in Xair 5mm Downstream

It is clear that quenching corrections are important for avoiding potentially large cold-chemistry errors, and the steps
outlined above can lead to a fair degree of confidence in their effectiveness. One of the unavoidable difficulties in
using acetone as a tracer for air, however, is that air diffuses into N2 at nearly twice the rate that acetone diffuses into
N2. As a result, a pixel element may contain more air than expected. The effect of this excess air is shown in the
results of Fig. 7(a), where the measured NO signal is more highly quenched than expected. At higher Reynolds
numbers, such as in Fig. 7(b), the width of the diffusion layer is expected to decrease, and the error from differential
diffusion is reduced. In Fig. 7(c), the effects of finite resolution error, to be discussed later, become apparent.
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Figure 8 shows the DNS results of the non-pulsed jet at Reynolds numbers from 1000 – 10,000, and at two
downstream locations. As expected, air diffuses toward the center of the jet, leaving excess regions of air on the jet
side and depleted regions on the co-flow side. Also as expected, the differential diffusion error decreases with
Reynolds number and increases with downstream distance. It is difficult to extrapolate such results, however, to
turbulent regions where the relative large-scale and small-scale velocities and diffusion length scales are unknown.
Furthermore, experimental data such as that shown previously in Fig. 7 cannot be reliably obtained in turbulent
regions because of subresolution stirring.
Alternatively, Fig. 9 shows the results of a direct numerical simulation in the driven jet configuration, which provides
a pseudo-turbulent flowfield in the form of interacting vortices. Differential diffusion errors were calculated using the
differences in acetone and air concentration, and applying these differences to the 2-level model (Eq. 8) and the coldchemistry model (Eq. 4). Since the DNS is incapable of producing subresolution stirring, the following error analysis
is somewhat idealized. In general, errors due to differential diffusion are highest in the laminar diffusion layer of Row
1 in Fig. 9, followed by the vortex roll-up of Row 2, and are lowest for the vortex pairing of Row 3. This trend would
indicate that differential diffusion errors may be fairly minimal within turbulent, interacting structures.
When comparing errors from the two-level model quenching corrections versus the cold-chemistry model, the results
vary. The two-level model is slightly less accurate in the laminar diffusion layer of Row 1 where differential diffusion
is quite high. At a mixed jet fluid fraction of about 0.95, for example, the error in the two-level model is about 10%,
while the error from the cold-chemistry model is less than 2%. The reason for the superior performance
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Figure 9. Mixed jet fluid fraction, fmj, from a direct numerical simulation, and corresponding differential diffusion
errors using the two-level model quenching corrections and the cold-chemistry model.
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of the cold-chemistry model in the laminar diffusion layer can be understood by examining Eq. 4. Differential
diffusion of air into a pixel element leads the measured value of xac to underestimate the amount of air, but also leads
to extra quenching of NO, thereby reducing the measured vale of xpure NO. These offsetting factors are on the same
order of magnitude on the jet side of the laminar diffusion layer, and help reduce the cold-chemistry error in this
region. The offsetting effect of differential diffusion, however, is limited to laminar regions
In Rows 2 and 3, for example, it is clear that the quenching corrections are slightly superior to the cold-chemistry
model. In Row 3, for example, the two-level model results in an error of only 2% at a mixed jet fluid fraction of 0.95,
compared with an error of 4% for the cold-chemistry model. This is indicative of reduced differential diffusion in the
region of vortex interaction. Aside from this region of high mixed jet fluid fraction, the cold-chemistry model error is
quite similar to that of the two-level model in all other regions of Row 3. The error for both models remains less than
2%, for example, in intermediate regions of Row 3, and is –8% for both models at a mixed jet fluid fraction of 0.05. The
latter error, of course, is quite small in absolute terms.
The two-level model quenching corrections seem generally superior to the cold-chemistry model in regions of high
mixed jet fluid fraction, but do not present any advantages in other regions of the flow. Because of the simplicity of
the cold-chemistry model, therefore, it may be a better choice than the two-level model if uncertainties in the
quenching environment are too large. Figure 10 illustrates an alternative experiment in which the nitrogen in the air
co-flow is replaced with CO2. Because CO2 has a quenching cross-section that is almost six times that of oxygen, the
two-level model in Fig. 10(a) more closely approximates the cold-chemistry model. The differential diffusion errors for
both models are quite similar, even in the laminar diffusion layer as shown in Fig. 10(b), indicating that this would
eliminate the need for the two-level model corrections. An added benefit is that the differential diffusion of CO2 and
acetone would be reduced by about 50% compared to that of acetone and air.
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Figure 11. Sample calculations within a pixel element with equal parts NO and acetone-seeded fluid in which (a) the
pixel is fully mixed throughout and (b) the pixel has a high subresolution concentration gradient.

7. FINITE SPATIAL RESOLUTION
As noted in Fig. 7, the differential diffusion error diminishes in the laminar diffusion layer at higher Reynolds
numbers, but the error from finite imaging spatial resolution increases. To illustrate how finite imaging resolution can
lead to errors in xmixed NO and ηmixed NO, it is useful to consider the example shown in Fig. 11. The pixel elements of Fig.
11(a) and (b) have the same overall amounts of NO- and acetone-seeded fluid, but in Fig. 11(a), almost all of the NO
signal is quenched because it is molecularly mixed with 50% acetone-seeded air. The two-level model of Eq. 8 gives
the correct values of xmixed NO and ηmixed NO. The pixel in Fig. 11(b), on the other hand, has high concentration
gradients. Thus, the signal in the right half is almost entirely quenched since it is locally composed of 96% acetoneseeded fluid, but the signal in the left half has a residual NO signal of 0.1 x 50% = 5% since it is locally composed of
only 4% acetone-seeded fluid. As a result, xmixed NO = 0.46 and ηmixed NO = 0.92 from the two-level model, each of which
have errors of about -8%. This phenomenon is most prominent on the NO-seeded side of turbulent shear layers,
since these are regions that favor the presence of pixel elements like that of Fig. 11(b). If the imaging system had
twice as many elements, it could fully resolve the concentration gradient and provide the correct measurements of
xmixed NO and ηmixed NO. In a sense, Fig. 11(b) represents “false” subresolution stirring, since all of the fluid is actually
mixed on the molecular level so, in fact, ηmixed NO = 1. On the other hand, pixel elements such as Fig. 7(b) can serve
the same useful purpose as pixels with true subresolution stirring. That is, they mark locations in which the imaging
system cannot adequately resolve the smallest diffusion length scales.
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8. CONCLUSIONS
The simultaneous measurement of NO and acetone PLIF represents a significant advance in the study of molecular
mixing in high-speed gaseous flows. The experimental and theoretical foundations of the technique were
summarized, and its effectiveness at measuring subresolution molecular mixing was demonstrated. There are a
number of considerations, however, that must be taken into account in order to obtain quantitative results, including
careful image processing procedures, quenching corrections, differential diffusion, and imaging resolution. It is also
important to recognize certain conditions, such as regions of low or high air concentration, in which it is difficult for
the technique to ensure quantitative accuracy. This was demonstrated, in particular, with the use of direct numerical
simulations. In investigations which have implemented the simultaneous NO and acetone PLIF technique,
cumulative experimental uncertainties are typically about 5%, but can be as high as 20% in regions of low molecularly
mixed NO-seeded fluid fraction (King et al. 1999, Meyer et al. 1999a,b). As an alternative to quenching corrections,
which can incur uncertainties from a variety of sources, the choice of alternate tracer species could be used to
improve the cold-chemistry approximation and eliminate the need for such corrections. It may also be possible to use
tracer species that reduce the amount of differential diffusion.
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