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( )A laser-induced fluorescence LIF technique is implemented to measure concentra-
tion profiles and mixing performance in two impinging jet geometries. Experimental

( )results are reported for steady and unsteady transitional mixing of initially segregated
miscible fluids. Flow structures are ®isualized by imaging concentration distributions at
fi®e ®ertical planes throughout the mixers. Mixing is quantified for each Reynolds num-
ber examined by calculating the o®erall intensity of segregation. Mixing performance
®aries substantially as a function of Reynolds number. Optimum operating conditions
are identified for both impinging jet geometries. The results demonstrate the ability of
laser-induced fluorescence to quantitati®ely capture small- and large-scale flow struc-
tures and accurately and reproducibly quantify mixing performance in real time for
industrially-rele®ant mixing de®ices. The LIF technique pro®es to be an accurate and
®ersatile method to quantify mixing performance of miscible fluids.

Introduction
Impinging jet mixers are widely used in industrial proc-

Ž .esses such as reaction injection molding RIM , crystalliza-
tions and precipitations, and detergent neutralizations. Due
to the rapid reactions that occur in these processes, ineffi-
cient mixing can lead to a chain of related undesirable conse-
quences: desired reactions are slowed, selectivity is de-
creased, and the accumulation of unwanted byproducts is in-
creased. Since the amount of byproducts is directly related to
the scale of downstream purification and separation units
Žand the use of solvents in the purification units often entails
additional costs due to environmental and regulatory con-

.cerns , it is clear that mixing has a large impact on both prod-
uct quality and process profitability.

Over the years, many different techniques have been em-
ployed to examine the performance of impinging jets in an
attempt to achieve a fundamental understanding of mixing in

Ž .these systems. Malguernera and Suh 1977 evaluated mixing
quality in an impinging jet mixer by measuring the standard
deviation of a tracer in small aliquots taken from the mixer
effluent. Though crude, this sampling method indicated that

Ž Ž .the jet Reynolds number Re defined as Re s ® D rrm ,j j j j
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where ® and D are the velocity and diameter of the en-j j
.trance jet was an important parameter for mixing perfor-

Ž . Ž .mance. Tucker and Suh 1980 and Lee et al. 1980 used
photography to analyze mixing in an impinging jet chamber,
and found the transition from laminar to turbulent regimes

Ž .above Re s50. Lee et al. 1980 also used a fast exothermicj
reaction to identify a critical Reynolds number below which
the polymerization rate is controlled by diffusion and above

Ž .which kinetic control exists. Kolodziej et al. 1982 quantified
mixing by using measurements of striation thickness distribu-
tion, adiabatic temperature rise, and molecular weight in a
polyether polyolrbutanediolrMDI, thermoplastic urethane
system. They found that striation thickness measurements
made using optical microscopy on the resultant polymer were
more accurate than the other methods explored, and that av-
erage striation thickness decreased with increasing Re , forj

Ž .Re s80, 250, and 450. Sandell et al. 1985 used a qualitativej
visualization technique to examine fluid mixing in different
mixhead geometries and found that there was a decreasing
rate of improvement over a Reynolds number range of

Ž .250]720. Akaike et al. 1986 also used dyed aqueous solu-
tions to visualize the flow and observe fluctuations as a func-

Ž .tion of Reynolds number. Mahajan and Kirwan 1996 used
the two-step Bourne reaction scheme in an impinging jet
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crystallizer to characterize micromixing for a range of jet di-
ameters and jet Reynolds numbers. They also carried out the
precipitation of Lovastatin and found that the level of mi-
cromixing in the precipitator affected crystal-size distribution
when the time constant for micromixing was comparable to
or larger than the induction time for nucleation of the solute.

Flow and mixing in impinging jets has also been studied
Ž .using computational fluid dynamics CFD and computa-

Ž . Ž .tional fluid mixing CFM algorithms. Wood et al. 1991 and
Ž .Johnson et al. 1996 have reported velocity field results us-

Ž .ing LDA and three-dimensional 3-D numerical simulations
that were qualitatively validated using LIF. They found that
above Re s75 the flow became unsteady and oscillationsj
caused the jets to move off-center so that direct impingement
no longer occurred. They also examined the effect of geomet-

Žrical parameters mixing changer diameter, head distance, and
.jet inlet position on the flow field for 200- Re -500. Ungerj

Ž .et al. 1998 used PIV and CFD to examine the velocity fields
and stretching characteristics for laminar flow impinging jets
Ž .Re -80 , and developed computational fluid mixing algo-j
rithms to simulate mixing for several impinging jet geome-
tries. They found that while no mixing occurred for the steady
flow of symmetric jets, mixing was improved substantially by
slight modifications of the impinging jet geometry that dis-
rupted geometric symmetry.

As computing power continues to increase and mixing sim-
ulations become more practical, it will be necessary to vali-

Ždate not only computational velocity fields using LDA, LDV,
.PIV, and so on , but also mixing simulations. Moreover, ex-

perimental methods to evaluate mixing in real time would
allow optimal mixing conditions to be determined for a mixer

Žusing dyed aqueous solutions, rather than expensive and of-
.ten hazardous reactants.

The results presented in this study use a quantitative tech-
Ž .nique planar-laser-induced fluorescence to measure mixing

performance in an impinging jet mixer for a wide range of
Reynolds numbers and for two different impinging jet ge-
ometries. The technique allows non intrusive, real-time quan-
tification of mixing to a spatial resolution limited only by the

Ž Ž 5..CCD camera pixel density O 10 , and to a temporal reso-
Ž .lution limited only by laser pulse rates ;ms . Background

and a brief review of the theory of laser-induced fluorescence
are presented. The experimental setup and methods are de-
scribed. Flow structures and mixing results for a standard im-

Ž .pinging jet geometry symmetric jets and for a modified im-
Ž .pinging jet geometry asymmetric jets are discussed. Finally,

mixing is quantified as a function of Reynolds number by cal-
culating the intensity of segregation, and used to predict
overall reactor yield, thus allowing quantitative comparison
between the two mixers.

Background and Theory
Ž .Applications of LIF were reviewed by Wild et al. 1987

Ž .and Walker 1987 . LIF and its analogous 2-D counterpart,
Ž .planar laser-induced fluorescence PLIF , have been used by

several researchers to instantaneously measure concentration
fields. If 2-D measurements are taken in rapid succession, a
pseudo-3-D concentration field may be approximated. The
majority of LIF studies have been used to examine turbulent

Žflows in liquids and gases see, for example, Arcoumanis et
al., 1990; Barrett and Van Atta, 1991; Buch and Dahm, 1996;
Dahm and Dimotakis, 1987, 1990; Dahm et al., 1990, 1991;
Distelhoff et al., 1997; Gaskey et al., 1990; Hassa et al., 1987;
Koochesfahani and Dimotakis, 1985; Lozano et al., 1990;
Muck et al., 1990; Nash et al., 1995; Westblom and Alden,

.1989 . LIF is effective for the study of small-scale flow phe-
nomena under conditions such that laser absorption by the
ambient fluid is minimal, so that a low power laser can pro-
duce high resolution visualizations. Therefore, it is well-suited
for the study of turbulent mixing where it is necessary to ac-
curately and rapidly measure fluctuating concentrations at a
very small size scale.

The most attractive feature of laser-induced fluorescence
is its ability to measure concentration fields in flow systems
without the intrusion of a probe that would disturb the flow.
LIF is based on the electronic excitation of molecules by an
incident light beam and the measurement of the emitted light
intensity. The components necessary for the experiment are a
fluorescent species, an incident light source, and an optical
system for measurement of the fluorescent emission. The flu-
orescent species is a molecule that absorbs a photon at a par-

Žticular wavelength and, after a short time smaller than a few
.ns , re-emits it at a longer wavelength. The fluorescence

emission of the species can then be measured by recording
the fluorescence with video recording, still photography, or
CCD photography. The absorption and emission efficiency of
three fluorescent dyes commonly used as tracers for concen-
tration measurements in water flows was evaluated by Gaskey

Ž .et al. 1990 . They found that fluorescein is inferior to either
Rhodamine B or Rhodamine 6G. For concentrations of Rho-
damine B less than 0.08 mgrL, the response of fluorescent to
the incident light is linear. Rhodamine B is used for this work,

Ž .because its absorption spectrum 460]590 nm, max s550
Ž .closely matches the available laser light wavelength 532 nm

Ž .and its emission spectrum 550]680 nm, max s590 is almost
completely separate from the laser light.

The absorption of light by fluorescent species is described
by the Beer-Lambert law

dF
sye CF 1Ž .

dx

The fluorescence emission intensity I is thene

dF
I syV 2aŽ .e dx

or

I sV e CF 2bŽ .e

where V, the fraction of absorbed light emitted, is the quan-
tum efficiency. It is necessary to filter out the wavelengths
that correspond to the excitation beam so that scattered laser
light does not interfere with the measurement. The effect of
the filter on the emitted light can be taken into account using
an optical efficiency term x . Finally, the measured fluores-
cence signal is proportional to the volume of measure. Com-
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bining these factors gives the measured intensity l as

ls x I V 3aŽ .e m

or

ls x V Fe CV 3bŽ .m

where x is the optical efficiency term specific to the flow
geometry of interest, V is the quantum efficiency, F is the
incident radiation power, e is the molar absorptivity of the
dye, C is the actual dye concentration, and V is the mea-m
surement volume. The parameters V and e are properties of
the fluorescent compound, V and x are determined by them
optical arrangement, and F is determined by the laser power.
When the laser sheet is of constant intensity across its cross-
section, all these parameters are fixed, and

ls AC x , t 4Ž . Ž .

It is obviously desirable to maximize the range of the mea-
sured signal intensity. Several parameters can be optimized
in order to increase the measured signal intensity, but there

Ž .are limitations on each of these parameters: 1 The maxi-
mum usable dye concentration is determined by the amount
of light that is absorbed by the dyed fluid. If excess light is
absorbed, the linear response of fluorescence intensity to

Ž .concentration is lost. 2 The incident radiation power F is
limited by the available laser power, and also must be moder-
ated to minimize photochemical decomposition, which results
in the destruction of the fluorescent compound and a de-

Ž .crease in the intensity of the emitted light. 3 The camera
Ž .aperture size can be increased to its maximum diameter. 4

The exposure time of the camera can be increased up to a
value of approximately one-fourth the pixel length divided by

Ž .the maximum flow velocity. 5 An intensified CCD camera
or low noise camera can be used, although improved camera

Ž .quality increases camera cost and overall system cost sub-
stantially.

( )Figure 1. Standard symmetric and asymmetric im-
pinging jet reactor geometries.

Methods
Two experimental geometries were examined, a symmetric

Ž .jet mixer and a modified mixer Figure 1 . The mixers were
constructed with glass, and are identical to those used in a

ŽŽ . .previous study Unger et al., 1998 , Case 0 and Case 5 . The
working fluid was a 60:40 glycerin:water mixture which had a
density of 1.15 grcm3 and a viscosity of 0.01 Pa ? s. The flow
was gravity-fed to eliminate pulsation which commonly oc-
curs with pumping. An overflow tank was used to provide a
constant head source, and a flow rate was measured with a
rotometer at the exit of the mixer. The mixers were enclosed
in a rectangular glass box, which was filled with glycerin to
reduce optical distortion.

The LIF setup is shown in Figure 2. A 10 mJ New Wave
Ž .Research pulsed mini-YAG laser Sunnyvale, CA was used

as the illumination source. The flow field was imaged using a
ŽDANTEC 80C42 Double Image 700 CCD camera Mahwah,

.NJ . The mini-YAG laser produced a beam of 532 nm wave-
Žlength. Since the emission spectrum of Rhodamine B the

.dye used in this study was completely separate from the
longest excitation wavelength of the laser, it was possible to
use a single sharp-cut glass filter on the camera lens to re-
move reflections of the lower frequency laser light from the
fluorescent signal to achieve a high signal-to-noise ratio.

Ž .Three light filters 530 nm, 550 nm, and 570 nm purchased
Ž .from Schott Filter Glass Duryea, PA were tested for their

efficiency to remove the laser light while detecting the fluo-
rescent light emitted from the dye. It was found that the best
filter for the present laser-dye combination was 550 nm.

Measurements were taken at five vertical cross-sections at
Ž .0.75 in. increments within the mixer Figure 3 . Vertical

cross-sections were used rather than horizontal cross-sec-
Ž .tions, because in many mixing systems such as stirred tanks

radial symmetry exists and segregation most often occurs in
the axial direction. Thus, segregation in the mixer can be
clearly observed within a single cross-sectional image. For
each vertical cross-section, ten LIF measurements were taken
at a rate of Lrs. The FLOWMAP software package
Ž .DANTEC Measurement Technology, Mahwah, NJ was used
for data acquisition and laserrcamera synchronization. Im-

Figure 2. Laser-induced fluorescence apparatus.

December 1999 Vol. 45, No. 12AIChE Journal 2479



Figure 3. Locations of the five cross-sections examined
in the impinging jets.

ages were captured using a CCD camera with 764=484
Ž .369,776 light-sensitive pixels. The measuring volume per
pixel depends on the camera magnification and the laser beam

Ž .width. Since the largest cross-section cross-section 4 had an
area of 102 cm2 and the beam width was approximately 1.0
mm, the measuring area per pixel was approximately 2.8=
10y2 mm2, and the measuring volume per pixel was approxi-
mately 2.8=10y2 mm3. Images were saved as ASCII PBM
files, which store light intensity values for each pixel on a

Ž . Ž .grayscale from 0 no light to 255 brightest light .

Results
Calibration

As it is desired to obtain a linear response of light intensity
to concentration, it was necessary to determine the linear
range for our specific laser, camera, and geometric setup. A
simple test involves filling the mixer with different concentra-
tion dye solutions and measuring the emitted light intensity
at each vertical plane in the mixer.

Figure 4 shows the emitted light intensity for ten dye con-
centrations. Light intensities reported in Figure 4 are the av-
erage pixel intensity for all five planes measured, and error
bars represent the variance of the measured intensity. At zero
dye concentration, no light is emitted from the illuminated
plane, and the filter successfully filters out the incident light
from the laser; thus, the measured emitted light intensity is
zero. A linear range is obtained from 0.0 M to 1=10y6 M.
Above a dye concentration of 1=10y6 M, a large portion of
the incident laser light is absorbed by the fluid closest to the
laser and the linear response is lost. Although the dynamic
linear range could be improved by the modifications dis-

cussed earlier, the present laser-dye combination was capable
of distinguishing approximately 100 concentration gradations,
which is regarded as more than adequate to quantify mixing
performance.

Standard impinging jet geometry
Mixing experiments were conducted by mixing a dyed jet

Ž y6 . Ž0.8=10 M Rhodamine B with an undyed jet 0% Rho-
.damine B at Reynolds numbers ranging 150- Re -600.j

Representative examples of the LIF images obtained for the
standard impinging jet geometry are shown in Figure 5 for a
jet Reynolds number of Re s150. Images shown in Figure 5j

Ž .correspond to vertical cross-sections: a 1.5 in. behind the jet
Ž . Ž .axis, b 0.75 in. behind the jet axis, c through the jet axis,

Ž . Ž .d 0.75 in. in front of the jet axis, and e 1.5 in. in front of
Ž .the jet axis. High dye concentration high pixel light intensity

regions appear white, and zero dye concentrations appear
Ž .black. The image taken at the center cross-section Figure 5c

shows that direct impingement of the jets is still possible at
Re s150, although the jets are unstable and oscillations causej
the jet streams to frequently move off-center. When direct
impingement occurs, recirculation regions form below the jets
Ž .toward the closed end of the cylinder , similar to the pat-

Ž .terns observed at low Reynolds numbers Unger et al., 1998 .
Additionally, once the jets eventually move off-center, it is
necessary to reduce the Reynolds number below Re s40 toj
once again achieve direct impingement of the jets. Small and
large eddies are present, and coarse mixing takes place in
this flow, but there is still substantial large-scale segregation.

Ž .In Figure 5, the dyed fluid jet the left jet is deflected up-
Ž .ward toward the mixer exit and backward in the mixer, and

the undyed fluid jet is deflected downward and forward in
the mixer. As a result, the bottom and front regions of the
mixer are characterized by a lower overall concentration of

Ž .dye a darker average color .
Image post-processing was carried out on the LIF images

in Figure 5 in order to qualitatively determine mixing perfor-
mance. First, the mean concentration of dye in the mixer was
calculated by averaging pixel light intensity of all the images
taken for a given Reynolds number. Then the concentration

Figure 4. Calibration curve for pixel light intensity as a
function of dye concentration.
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Figure 5. Symmetric jet geometry: sample LIF images for at Rej = 150. 
Cross-sections a-e correspond to vertical cross-sections depicted in Figure 3. 

of each cross-section was normalized using the mean concen- 
tration, and images were reconstructed by assigning a RGB 
value to each pixel according to its normalized intensity. Re- 
gions of highest dye concentration were assigned red and yel- 
low, and regions of lowest dye concentration were assigned 
blue, according to the color scale in Figure 6. On this scale, 
perfectly mixed regions appear as dark green. As shown in 
Figure 6, large regions of unmixed fluid (red and blue colors) 
exist in the mixer for Rej = 150. Since the convective motion 

of fluid is slow in the bottom half of the mixer (below the 
jets), some of the fluid in the bottom of the mixer is en- 
trained in recirculating regions, thus providing additional time 
for diffusion to complete the mixing process. Therefore, al- 
though some regions near the bottom of the mixer appear 
well-mixed (Figure 6b), the mixing rate in these regions may 
be much slower than required by the reactions of a given 
process. There is also some entrainment above the jets, which 
leads to improved mixing before the fluid exits the mixer. 

Figure 6. Symmetric jet geometry: post-processed “mixing intensity” images of the LIF images shown in Figure 5. 
Colors range from red (100% dye solution) to dark blue (0% dye solution). 
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The post-processed LIF results of experiments performed 
at different Reynolds numbers are shown in Figure 7 .  In the 
interest of brevity, only the center cross-sections (c) are 
shown. Images represent Reynolds numbers of (a) 150, (b) 
200, (c) 300, (d) 400, (e) 500, and (f) 600. As the Reynolds 
number is increased, direct impingement is no longer possi- 
ble, and the frequency and amplitude of jet oscillations con- 
tinuously increases. At Re, = 200, flow structures are similar 
to those found at Rej=150. Large coherent structures are 
still present, and global segregation still exists between the 
two jet streams. Due to the higher frequency of oscillations at 
Re, = 200, more small eddies are present, and homogeneity 
below and above the jets is increased. At Re, = 300, the am- 
plitude of the oscillations is so large that the jets frequently 
impinge on the opposite cylinder wall, where they split into 
several smaller streams. The oscillations also eliminate the 
recirculating regions above and below the jets. The only 
pure-component structures present above Rei = 300 are the 
initial jet streams and the secondary flow caused by jet im- 
pingement on the cylinder wall. For Rei above 400, the jets 
are no longer smooth and coherent, but exhibit turbulent 
structures as soon as they enter the mixer. As a result, rapid 

entrakment of the surrounding fluid occurs, and mixing effi- 
ciency is improved. 

The improvement in mixing performance as Reynolds 
number is increased is also clearly shown in Figure 7 .  At Rei 
= 200, mixing is improved slightly near the mixer exit (at the 
top of the mixer), and the red regions observed at Rei = 150 
are eliminated. Blue regions in the bottom of the mixer are 
also diminished, as the oscillations continuously sweep stag- 
nant fluid out of this region. At Re, = 300 through Rej = 600, 
the number and size of unmixed regions are significantly de- 
creased and the stagnation regions in the bottom of the mixer 
are almost completely eliminated. The size of well-mixed re- 
gions (dark green) increases continuously as Reynolds num- 
ber is increased. At Rei = 600, there are almost no pure com- 
ponent structures present except for the entrance jets and 
near the exit of the mixer. 

Asymmetric jet geometry 
LIF images are presented for the modified impinging jet 

geometry for a Reynolds number of Rei = 150 in Figure 8. In 
this figure, images (a) through (e) represent the same cross- 

Figure 7. Symmetric jet geometry: post-processed LIF images as a function of Reynolds number. 
Images correspond to the center cross-sections at jet Reynolds numbers of (a) 1.50, (b) 200, (c) 300, (d) 400, (e )  500, and (f) 600. 
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Figure 8. Asymmetric jet geometry: post-processed LIF images at Re, = 150. 
Cross-sections a-e correspond to vertical cross-sections depicted in Figure 3. Colors range from red (100% dye solution) to dark blue (0% 
dye solution). 

sections as in Figure 5. High dye concentration (high pixel 
light intensity) regions appear red, and low dye concentra- 
tions appear blue. Direct impingement of the jets does not 
occur with this impinging jet geometry. As a result, the jet 
streams flow past each other and impinge on the opposite 
wall of the mixer. This flow causes a swirling motion to form 
in the bottom portion of the mixer, and increases convective 
motion below the jets. Consequently, the stagnant recircula- 
tion regions which were present for the standard geometry 
are no longer present. In their place, there are large eddies 
of both fluids at the bottom of the mixer. Since at Re, = 150, 
the flow is still in the laminar regime and relatively steady in 
nature, there is also poor mixing in the top half of the mixer, 
near the mixer exit. 

Mixing quality at Rej = 150 is clearly illustrated for the 
modified geometry in Figure 8. In general, there is no hetero- 
geneity for the modified geometry at Rej = 150 than for the 
standard geometry at the same Reynolds number. The well- 
mixed regions (dark green) are much smaller, and the un- 
mixed regions (reds and blues) are much larger. The jet oscil- 
lations that induced fluid mixing in the standard mixer have 
no effect on mixing for the modified geometry at Rej = 150. 
Instead, mixing between the two streams occurs by the 
swirling motion that ensues at the bottom of the mixer. Al- 
though this swirling motion continuously stretches and folds 
the fluids (which is essential for good mixing) and increases 
their intermaterial area contact, the steady nature of the flow 
prevents material reorientation (which is also essential for 
good mixing). 

LIF images for the modified geometry for a range of 
Reynolds numbers are shown in Figure 9. The images are 
again taken at the vertical cross-section through the jet axis 
(cross-section c), and represent the same Reynolds numbers 
as in Figures 7. As shown in these figures, the cross-over from 
laminar to “transitional” fluid motions occurs at a higher 
Reynolds number for the asymmetric jets than for the sym- 
metric jets. This is because for symmetric jets, unsteadiness 
arises from the direct jet impingement (and consequent oscil- 
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lations of the jets) at Reynolds numbers as low as 80. For the 
modified jet geometry, small-scale turbulent structures arise 
at the entrance of the jets to the bulk fluid only when the jet 
Reynolds number is increased to Rej = 400. At this point, en- 
trainment of the surrounding fluid causes more efficient 
global mixing. Additionally, by angling the jets downward, 
mixing in the bottom half of the mixer is improved substan- 
tially, as compared with the standard geometry. As shown in 
Figure 9e and 9f, there is good global homogeneity through- 
out the mixer, and the only unmixed fluid is observed either 
directly out of the jets or very near the exit of the mixer, 
where isolated mixing regions exist. 

Quantification of mixing 
While the previous diagrams provide a qualitative descrip- 

tion of mixing efficiency, it is more beneficial to use these 
images to quantifi mixture quality. Using the digitized im- 
ages, the degree of mixedness was quantified using the “in- 
tensity of segregation” measure (Danckwerts, 1952). Intensity 
of segregation I is defined by 

where the variance of species a is given by 

ii is the mean concentration and a is the concentration for 
each individual measurement. As mentioned earlier, 370,000 
measurements (each with a volume of 2.8 X mm3) are 
generated from a single LIF image. As defined by Eq. 5, I 
has the value 1.0 when segregation is complete (that is, when 
the concentration of dye at every measurement point is 1 or 
01, and the value 0.0 when the concentration is uniform. In 
general, Z reflects the extent to which the concentration in 
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Figure 9. Asymmetric jet geometry: post-processed LIF images as a function of Reynolds number. 
Images correspond to the center cross-sections at  jet Reynolds numbers of (a) 150, (b) 200, (c) 300, (d) 400, (e) 500, and (f) 600. 

different regions in the mixer departs from the mean. When 
two miscible liquids are mixed, the value of I is progressively 
reduced. 

The intensity of segregation for each Reynolds number was 
averaged for each of the five cross-sections and ten repeti- 
tions. Therefore, the intensities of segregation shown in Fig- 
ure 10 were calculated from approximately lo7 concentration 
measurements. Examining the trend for the standard jet ge- 
ometry, it is shown that the intensity of segregation drops off 
sharply from Re, = 150 to Re, = 200 decreases roughly lin- 
early with jet Reynolds number from 200 < Re, < 500, and 
levels off for Re, > 500. This trend is identical to those re- 
ported earlier by Tucker and Suh (1980) for a similar device. 
For the modified geometry, the intensity of segregation drops 
off sharply from Re, = 150 to Re, = 300, as the entrance jets 
become unsteady. Above Re, = 300, the intensity of segrega- 
tion is slightly lower in the modified impinging jet geometry 
due to greater homogeneity in the bottom of the mixer. Pre- 
vious simulations (Unger et al., 1998) (data not shown) and 
experiments (Tucker and Suh, 1980; Unger et al., 1998) have 
shown that the intensity of segregation for standard jet ge- 
ometries approaches 1.0 for Re, < 80, whereas the intensity 
of segregation for the modified geometry remains relatively 
constant for 25 < Re, < 150 at approximately I = 0.15. This 
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indicates that there are three regions where one mixer per- 
forms better than the other. For steady flows (Rej < 801, the 
modified jet geometry provides much better mixing due to 
the swirling flow, as opposed to the symmetric jet geometry, 
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Figure 10. Intensity of segregation as a function of 
Reynolds number for the standard (- - -) and 
asymmetric (-1 impinging jet geometries. 
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wherein no fluid mixing occurs. For unsteady-laminar flows
Ž .80- Re -300 the jet oscillations that prevent direct im-j

Žpingement of the fluids for the standard geometry and
.thereby disrupt the spatial symmetry of the mixer result in

better mixing than the swirling motion of the modified jets.
Ž .For unsteady-transitional flows Re )300 , small isolated re-j

gions exist near the jet entrances as well as near the exit of
the mixer. In general, both mixers perform well, although the
modified geometry eliminates the dead region in the bottom
of the mixer and results in slightly greater homogeneity.

Conclusions
The experiments shown here were used to quantitati®ely

compare mixing performance between two impinging jet ge-
Ž .ometries: a standard symmetric geometry, and a modified

geometry. Based on these results, three mixing regimes can
clearly be identified for mixing in the impinging jet appara-

wtus. For steady, laminar flows Re -80, results reported inj
Ž .xUnger et al. 1998 , no mixing occurs in the standard geome-

try, and the modified jet geometry provides more efficient
global mixing due to the swirling motion that ensues; these
results are similar to those reported in a previous communi-

Ž .cation Tucker and Suh, 1980 . For unsteady-laminar flows
Ž .80- Re -300 , the jet oscillations which occur in the stan-j
dard geometry result in better mixing than the swirling mo-
tion of the asymmetric jets; flow for the asymmetric jets is
mostly steady and similar to flow for Re -80. For more highlyj

Ž .unsteady flows Re )300 , efficient mixing occurs in bothj
geometries, although the asymmetric eliminates the dead re-
gion in the bottom of the mixer and results in slightly greater
overall homogeneity.

A laser-induced fluorescence technique was successfully
implemented to quantify concentration profiles and mixing
performance in two impinging jet geometries. The technique
is extended in this work to include quantification of mixing
from the LIF images via the intensity of segregation. The
technique is ideal for quantifying mixer performance in both
laminar and turbulent regimes. The system requires only that
the mixer be transparent from two directions at right angles
to each other and that the working fluid is similarly transpar-
ent; the only system limitations are imposed by the pixel den-
sity of the CCD camera, and the repetition rate of the laser.
In most cases, measurements can be taken at intervals as short
as ms and spatial scales from less than 1 mm to more than

Ž .1 m. Post-processing of the LIF images allows: 1 identifica-
Ž .tion of segregatedrisolated regions in the mixer; and 2 cal-

culation of standard mixing characterizations such as the scale
and intensity of segregation. Current work is being carried
out to extend the capability to include the calculation of more
fundamental measures of mixing, such as the striation thick-
ness distribution and intermaterial area density, and will be
reported in future communications.

By identifying segregated regions in the flow, it is possible
to make appropriate modifications in mixer geometry or pro-
cess parameters in shorter times and avoiding wasting costly
reactants. Additionally, intensity of segregation calculations
allow direct quantitative comparison of different mixing de-
vices or processing parameters. In summary, the laser-in-
duced fluorescence technique demonstrated here has been
shown to be an accurate, efficient, and versatile method for

measuring mixing performance in model systems. Such mea-
surements will be very valuable for developing fundamental
knowledge about mixing processes, eventually facilitating a
priori determination of process parameters andror mixing cri-
teria.
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