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Mixing of Transversely Injected Jets into a Crossflow
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The objective of this study is to investigate experimentally the mixing of transversely injected jets into a cross-
flow under low-density conditions. This study has application in nitrogen-diluted subsonic chemical oxygen iodine
lasers. The investigation was performed nonintrusively, using planar-laser-induced fluorescence. A frequency dou-
bled Nd:YAG laser was used as the excitationsource, and the iodine fluorescence was imaged using a charge-coupled
device camera. Experiments were performed for a variety of crossflow velocities and injection pressures. A pa-
rameter, degree of unmixedness, which was defined using variance of the image intensities, was used to quantify
the mixing. Mixing distance was defined as the location downstream of which the degree of unmixedness did not
exceed 0.05. The mixing distances obtained were correlated using the ratio between the momentum flow rates of the
injected jets and the crossflow. The mixing distances were linearly dependent on this ratio until a value more than
which the jets mixed almost at the injection location. This linearity depended on the injection configuration. The
correlation was found to be a weak function of the injector hole diameter. Diffusion is the main mixing mechanism
in this low-Reynolds-number flow regime, and thus the spatial distribution of the injector holes in the array played

an important role in mixing.

Introduction

ETS in confined crossflow have been the subjectof considerable
J scientific and practicalinterest. Such flows occurin a number of
areas importantin fluid mechanics and combustion. For example, in
a gas turbine combustor the mixing of fuel and air is of critical im-
portance to the combustor performance and reduction of emissions.
Another example is in the dilution zone of a conventional com-
bustor and the mixing zone of a stages combustor such as the rich-
burn/quick-mix/lean-burncombustors.Researchon jets in crossflow
has been summarized well in the review papers by Margason' and
Holdeman? Results from rectangular and annular configurations
have been reported recently by a number of researchers >~

All of the investigations were performed at atmospheric pressure
or at higher pressures. Despite the extensive treatment in the liter-
ature, not much work has been done in the investigation of jets in
crossflow under conditions of low pressure. Such an application oc-
curs in chemical oxygen iodine lasers (COIL), in which the mixing
of transversely injected streams of iodine carried by a carrier gas
where a crossflow of singlet oxygen occurs.

Gas lasers such as COIL still dominate when very high powers,
high beam quality, and high coherence properties are required, de-
spite the many attractive features, in particular, the possibility of an
all-solid system design, shown by solid state and diode lasers. The
main candidates are the HF, the CO,, the CO, and the oxygeniodine
laser. The chemical oxygeniodine laser'! ~!3 is of immense interest,
as a very powerful laser, capable of producing megawatts of contin-
uous power, at a short wavelength (1315 nm). The main merits of
COIL are its simple and readily availablestarting reactants and non-
toxic end products and the absence of high-voltage power supplies.
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There are two distincttypes of chemically pumped oxygeniodine
lasers: subsonic and supersonic. In subsonic lasers the main flow
velocities are limited to about 10-20 m/s, whereas in the case of
supersoniclasers the flow velocitiesare of the order of 400-500 m/s
for nitrogen-dilutedsystems and up to 1000 m/s for helium-diluted
systems.

COIL produces electronically excited atomic iodine, the source
of radiative and stimulated emission, through a series of chemical
reactions. The source of energy in this laser is the chemical reac-
tion between the basic solution of hydrogen peroxide and chlorine
gas, which produceselectronicallyexcited singletoxygen[O,(1 A)].
Molecular iodine is injected into the gas flow, and through a
series of electronic-vibratioml collisional energy transfers, I, is
dissociated, producing ground state iodine [I(*P3,)]. A resonant
collisional energy transfer from O,('A) to I(2P3/2) produces the
electronically excited 1P, ), commonly denoted as I*. This I*
emits a photon at a wavelength of 1315 nm to provide lasing in
the COIL.

Avizonis and Truesdell,'' in their excellent review paper, de-
scribed the evolution of COIL. They have highlighted the unique
characteristics of COIL that have allowed it to develop into a high
efficiency and robust system.

The process of iodine dissociation, popular inversion, and lasing
in the chemical oxygen iodine lasers are affected by the mixing be-
tween the flows of oxygen and injectediodine. Barmashenkoet al.'*
studied the effect of mixing on the operation of COIL by theoreti-
cally applyingsimple, one-dimensionalleaky stream tube modeland
compared the results to available experimental data. They reported
good qualitative agreement with the experimental results for both
subsonic and supersonic COIL. Barmashenko and Rosenwaks'” in-
vestigated the power dependenceof the supersonicchemical oxygen
iodine laser on iodine dissociation. Numerical modeling shows that
maximum power is achieved at low values of iodine flow rate, when
iodine is not completely dissociated before the resonator. The per-
formance of high-pressure COIL was modeled using computational
fluid dynamics (CFD).!6-18

Planar-laser-induced fluorescence (PLIF) is an attractive tech-
nique for concentration measurements in liquid and gaseous flows
as itis nonintrusive and effectively instantaneousand provides con-
centration information in a whole plane without integration along
the line of sight. Its use of molecular markers avoids problems of
particlelag in fluid flow and allows high spatial resolution measure-
ments with minimal alteration of the flow conditions. The flow is
illuminated using a laser sheet, and images are formed from light
emitted by the molecules in the flow."”
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Laser-induced fluorescence (LIF) of iodine seed molecules can
be used for both flow visualization and accurate measurements of
gas dynamic properties. Hiller and Hanson?® give a review of the
use of iodine as a tracer gas in experimental fluid mechanics. lo-
dine is a popularly used seed molecule for LIF measurements in
noncombusting gas flows.2!22 It conveniently absorbs in the visible
region of the spectrum (for example, green 514.5-nm line of the
argon ion laser or 532 nm of the frequency doubled Nd: YAG laser);
fluoresces in visible yellow; has reasonable values for vapor pres-
sure, absorption cross section, and fluorescence yield; and is only
mildly toxic.

Bohn?® has presented a review of the German work related to
COIL technology.A descriptionof the laser test facility and the latest
performance data is presented and compared with the international
state of the art. The paper reports that LIF measurements have been
performed. However, no data are presented.

In the context of COIL, injection, and mixing of iodine, Schal
investigated the injection of iodine vapor into a duct flow experi-
mentally and numerically. LIF was used to visualize the progress
of spreading of the iodine and its distribution homogeneity along
the duct. The paper concluded that perpendicularinjection from the
walls is undoubtedlythe most efficient means of injectionfor obtain-
ing the shortestmixing lengths. However, the paper gives scantdata.

In this context this paper describes an experimental investiga-
tion of the mixing of transversely injected choked jets into a cross-
flow under low-density conditions. The investigationis performed
nonintrusively, using PLIF. The effects of injector hole configura-
tions, hole diameters, crossflow velocities, and injection pressures
on mixing have been quantified in this paper. The investigation of
nonchoked injection is being performed currently and will soon be
presented elsewhere.
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Experimental Setup

The experimental setup was designed to simulate the flowfield in
a subsonic COIL. The schematic of the various parts of the experi-
mental setup is shown in Fig. 1. In this study the fluid phenomenon
alone was investigated and not the lasing action. Therefore, dry air
whose properties, such as specific heat ratio, gas constant, molecu-
lar weight, etc., are comparable to that of singlet oxygen was used
for the crossflow instead of singlet oxygen.

The main flow of air is from a dry air cylinder. The iodine vapor
was generated in an iodine cell and was carried by nitrogen into an
injectionmanifold. The test section was arectangularchamber made
of four glass walls with the top and bottom walls made of mild steel
flanges. Inside this chamber there were two parallel surface ground
plates made of mild steel. These plates were coated with nickel to
minimize the corrosion caused by iodine. The plates were 650 mm
long and 49.5 mm wide. The spacingbetween the plates was 10 mm.
The plates along with the side glass walls formed a rectangularduct
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Fig.1 Schematic of the experimental setup.
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Fig. 2 Different hole configurations used in this study (all dimensions
in millimeters). For both these configurations two hole sizes (0.7- and
1-mm diam) were used.

of cross section 10 x 50 mm. The middle portion of this rectangular
duct was the test section for this study.

The injection holes were placed in a row at 200 mm from the
beginning on each of the plates, where the flow is fully developed
for all of the flow conditions considered > Two differenthole diam-
eters, 0.7 and 1 mm, and two different injector hole configurations,
12 mm (3 holes across the width) and 6 mm (5 holes across the
width), as shown in Fig. 2, were used in this study (two injector
hole diameters for each injector configuration). The injection holes
are simple straight holes through the thickness. Efforts were made
toalign the injector holes perfectly. However, because of limitations
in the machining capabilities some of the holes in the injector ar-
ray were not perpendicular to the plate, resulting in a deviation of
2-3 deg from the normal.

These holes are supplied througha manifoldinto which the iodine
vapor along with the carrier gas (nitrogen) was supplied from the
iodinecell. These manifolds wererectangularchambers of stainless-
steel, 10 mm wide (see inset in Fig. 1). Nitrogen carrying the iodine
vapor was supplied through a stainless-steel tube to each of these
manifolds. There was a pressure tapping on the manifold to measure
the injection pressure, which is the stagnation pressure for the jet.

The pressurein the test chamber was monitored by a Pirani gauge.
The pressure in the injection manifold was measured using a sili-
con piezoresistive pressure transducer. The volume flow rate of air
entering the test section was monitored using a thermal flow meter.
Test section pressures required for this study were of the order of
a few torrs. The flow rates are in the range 0.148-0.444 mmol/s
(200-600 standard cm?/min volume flow rate, which corresponds
to 2-6 m/s at 1 torr in the test section of 10 x 50 mm), and the flow
was generated by a vacuum pump of 4000-1pm capacity.

The flowfield was illuminated by a frequency doubled Nd:YAG
laser. The line width of the laser was around 1-2 cm™!, and thus it
excitedseveral linesin the R and P branchesof the B — X transition
of the iodine molecule?®: R(56)(36-0) line at 18,788.348cm™!, the
P(83)(33-0) and R(134)(36-0) lines at around 18,787.814 cm™!,
and the P(53)(32-0), P(103)(34-0), and P(159)(39-0) lines at around
18,788.453 cm™!. Nitrogen molecules in the system will broaden
the iodine absorptionspectrum significantly. Because the excitation
employedhereisrelativelybroadband,this will nothave a significant
bearing on the results.

The short Q-switched pulse width (17 ns) ensures that the
timescale involved in probing the flow was much less than the flow
timescales. Thus, the flow was frozen in the image at each cross
section. The beam from the laser source was expanded to a diam-
eter of approximately 12 mm using a pair of spherical lenses. A
cylindricallens of focal length 1 m was then used to focus the beam
to a line. The long focal length enables the beam waist to remain
uniform through out the test section (for a length of 50 mm). The
sheet thickness was found to be around 500-600 1.

The fluorescence pictures were acquired using a charge-coupled
device camera, which was positioned next to the test chamber at an
angle of 35 deg to the flow direction. Thus, the images were slightly
elongatedin the horizontaldirection. However, this did not affect the
calculations as the full flowfield was mapped at the same cross sec-
tion. Each pixel in the image represents an area of 0.21 x 0.16 mm
of the flowfield. Refer to Fig. 3 for a schematic of the full optical
setup. The aperture was kept fully open for allowing maximum flu-
orescence signal into the camera. It was also ensured that none of
the camera pixels were saturated.

Because the aperture was fully open, the depth of focus was small.
The depth of focus was found to be around 23 mm (for the setup
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Fig.3 Schematic of the optical setup for imaging PLIF cross sections.

used). Thus the focal plane covered around 42 mm, that is, only a
part of the width of the test section. This implies that near the glass
walls in any cross-sectionimage the flow plane to be visualized was
slightly out of focus. Though the focal plane was around 23 mm
thick, the volume probed was much smaller because the laser sheet
illuminating the flowfield was very thin.

Iodine molecules emit a fluorescence spectrum that is predomi-
nantly yellow when excited by green light of wavelength 532 nm
(several lines between 550 and 590 nm but broadened by nitrogen
carrier to give a broadband fluorescence spectrum). A long-pass fil-
ter was used to filter all of the wavelengthsless than 560 nm (cutoff
wavelength) including the scattered green light from the incidentra-
diation. A traverse mechanism was used to translate the test section
along the streamwise direction with respect to the optical setup.

Image Processing

There was a high-frequencynoise superimposed over the whole
image. This was eliminated by passing the image through a low-
pass spatial filter. A standard 7 x 7 matrix averaging of the pixels
with weights given to each pixel in the matrix was adopted.?” This
eliminated the high-frequency noise without altering the features
of the flow, which were of a much lower spatial frequency. The
Reynolds number of the crossflow was of the order of 4-12, and
that of the jets ranged from 92 to 265. Thus the flow was strictly
laminar, and diffusion played an importantrole in this low-pressure
flow. This ensured that the transported quantities are not distributed
with very high gradients or sharp changes. Thus, the use of low-pass
spatial filter to alter the image did not affect the flow quantification.

There was an observable spatial variation of the laser sheet inten-
sity in the experiment, and this can cause an error in the quantifi-
cation. This variation could be because the beam intensity profile
for the Nd:YAG laser is not top-hat. It could also be caused by
nonuniformitiesin the laser crystals or lenses used or possible dust
on mirror surfaces, etc. This variation in illumination intensity was
corrected by dividing each of the flow images by the flat-field im-
age. It can be noticed that the average intensity value of the image
changes because of this correction by a factor of ratio of average of
flat-field image to that of the original image.

Because the experiments spanned over a definite time period and
there was some time difference in acquiring images at different
locations, there could have been a variation in the laser intensity
over the time period. This could have been caused by variation
in the voltage input, the ambient temperature, or the temperature of
the crystalsinvolved. Also, as describedin the preceding paragraph,
there was a scaling factor added to the images by correcting with the
average of the flatimage. In addition, the iodine concentrationin the
injected gases could change as a function of time. The sum of the
intensitiesof all of the pixelsis proportionalto the numberdensity of
the injectantspecies and hence should be conserved from locationto
location. Therefore a correctionwas introducedby multiplyingeach
of the images by a suitable factor to make the sum of the intensity
values (and therefore the average intensities) uniform for a certain
flow condition.

Data Reduction

The fluorescence intensities are proportional to the number den-
sity of the fluorescentspecies. Acquiring the fluorescenceintensities
in a plane, the relative distribution of the iodine number density can
be determined. Because the average image intensity for a partic-
ular flow condition was kept constant, any variation in the total
amount of iodine or the illumination in the flowfield was elimi-
nated. Thus the number density contours given by the images can
be translated to the relative injectant mole fraction distribution in
the flowfield.

The images thus obtained and processed can be used for quanti-
fying mixing. Mixing is quantified through a parameter called the
degree of unmixedness, defined by Liscinsky et al.” and Holdeman
et al.! This is given by degree of unmixedness

X = Xmax

» ,;’mux [I(X» y) - Iave]2

y=1

Nlave(lmax - Iave)

where I (x, y) denotesthe intensity value of a pixel (x, ¥). I, is the
average of the intensity values of all of the pixelsin the image. [, is
the maximum of the intensities of pixels among all the cross-section
images for a given flow condition. N here is the number of pixelsin
each image. Intensitiesof the pixelsin the image will be equal to the
average of the image when complete mixing is achieved. Because
varianceis a measure of deviation from the mean value of the distri-
bution, it is used for studying the extent of the nonuniformity or the
degree of unmixedness. Because the images are corrected such that
they have the same average, the variations in iodine seeding in the
flow or the temporal variations in the laser intensities are accounted
for. This is justified by the fact that we operate in the linear regime
of iodine fluorescence.

Results and Discussion

The flow rates for the crossflow were 0.148,0.222,0.296, 0.370,
and 0.444 mmol/s (200, 300, 400, 500, and 600 standard cm?/min).
The uncertainty in the measurement was 0.74 pmol/s (1 standard
cm?®/min). These flow rates translated to velocities of 2.3, 3.2, 3.9,
4.6, and 5.6 m/s, respectively, in the test section for a test section
pressure of 1 torr. The chamber pressure was around 1-3 torr for
various flow conditions. The experiments were performed for in-
jection stagnation pressures of 7, 12, and 14 torr. The uncertainties
in the chamber and injection pressure measurement were 0.1 and
0.76 torr, respectively.

The injection holes were choked for these pressure conditions.
Thus the injection velocities were constant (264 m/s corresponding
toMach 1 for a stagnationtemperatureof 308 K). However, the mass
flow rates and densities were dependent on the injection pressure
and the injector configuration.

The mole fraction maps were obtained for all of the injector con-
figurationsfor the flow conditionsjustdescribed. Though the images
are stored as 16-bit gray scale images, they are presented here in
8-bit gray scales, with the “gray code” next to the images. Because
of space constraints,only a few are presentedhere (Figs. 4-7). How-
ever, the data from all of the images were used for calculation of
degree of unmixedness, which in turn was used for determining the
mixing lengths.

It can be seen from the images that as the flow progresses stream-
wise the injected streams get mixed with the crossflow. This results

0

Fig.4 PLIF images of a few cross sections: configuration 1, hole diam-
eter (0.7 mm, momentum ratio 16.4, and mass ratio 0.35. Mixing length
calculated is 10.3 mm. (The image locations are given in millimeters.)
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in the intensities becoming uniform throughout the image. There-
fore, the nonuniformity of intensities in the image (represented by
the variance) decreases at downstream locations as compared to
upstream locations.

It can be noted from the images that for some high-injectionpres-
sures the jets impinge head on onto each other. This occurrence was
also noted by Elior et al.?® and Bain et al.> This could be attributed
to the higher momentum of the jets when compared to the crossflow.
When the jets impinge on each other at the injection location, they
spread very fast in the transverse direction and almost completely
fill the test section. Often, near-uniform mixing is achieved at the
injection location and takes only a small distance downstream to
mix uniformly.

It is interesting to observe the images of the mole fraction distri-
butionsfor a case with very slightchangein the injection pressure to
effecta weak impingementof jets. The injection pressurefor the for-

0

Fig.5 PLIF images of a few cross sections: configuration 1, hole diam-
eter (.7 mm, momentum ratio 29.1, and mass ratio 0.62. Mixing length
calculated is 8.0 mm. (The image locations are given in millimeters.)

Fig.6 PLIF images of a few cross sections: configuration 2, hole diam-
eter (0.7 mm, momentum ratio 27.3, and mass ratio 0.58. Mixing length
calculated is 15.3 mm. (The image locations are given in millimeters.)

Fig.7 PLIF images of a few cross sections: configuration 2, hole diam-
eter (0.7 mm, momentum ratio 65.8, and mass ratio 1.16. Mixing length
calculated is 8.4 mm. (The image locations are given in millimeters.)

0

mer case was 7 torr and for the latter was 7.8 torr. The corresponding
momentum ratios for the two cases were 23.2 and 25.9. It can be
seen from Fig. 8§ that in the latter case the jets impinge head on onto
each other.

The plots of degree of unmixedness for these cases are given in
Fig. 9. It can be seen that the mixing is faster for the case where the
jetsimpinge. The degree of unmixednessis lesser to start with. The
mixing length (determination of mixing length will be explained in
the nextsection) for the nonimpingingcase was 12.6 mm and for the
impinging case was 4.9 mm. Thus impingementof the jets improves
their mixing.

Determination of Mixing Lengths

The objectiveof this study is to quantify the mixing of transversely
injected jets with a crossflow in low density conditions. Therefore
a mixing length, that is, the distance downstream of injection plane
after which the flow is considered fully mixed, had to be determined
from the images.

For obtaining this, the degree of unmixedness was obtained at
various streamwise locations. The flow was considered “mixed”
at a location downstream of which the degree of unmixedness is
less than 0.05. Figure 10 illustrates the determination of the mixed
condition.

Data Analysis

It can be observed from these images that for the same injection
flow rate the mixing distance increases with the increase in the
crossflow velocity. This is caused by the axial convection being
more predominant for higher crossflow velocities. It is also seen
that for a constant crossflow velocity the mixing distance decreases
with increase in the injection pressure as a result of increase in
transverse momentum.

The mixing lengths obtained were correlated using the ratio be-
tween the total momentum flow rate of the injected jets and that of
the crossflow. The mixing lengths were linearly dependent on this
ratio until a value beyond which the jets mix with the crossflow
at the injection location itself (Fig. 11). It can be seen from this
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Fig. 9 Streamwise variation of unmixedness for impinging and non-
impinging cases as shown by images in Fig. 8. Degree of unmixednessis
reduced drastically by making the jets impinge on each other. Also, the
mixing length is decreased considerably.

Fig. 8 Comparison of nonimpinging (left) and impinging (right) jets. Left-hand image gives mapping of mole fractions for condition with 7-torr
injection pressure, and the right-hand image is for 7.8 torr with all other parameters maintained constant. Momentum ratios were 23.2 and 25.9,
respectively. Mixing lengths were 12.6 and 4.9 mm, respectively. (The image locations are given in millimeters.)
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Fig.10 Determination of mixinglengthfrom variationof unmixedness.
The point where the unmixedness value crosses 0.05 is defined as the
mixing length in this study. This case shown had a mixing length of
10.3 mm.
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Fig. 11 Mixing lengths as a function of momentum rate ratio for all of
the cases investigated in this study.

figure that the mixing length depends on the momentum rate ratio.
Also, there are many points with zero or near-zero mixing lengths
(which implies mixing at the injection plane).

This case of zero or near-zero mixing length is quite different
from the classicalresults of jet mixing in a crossflow at atmospheric
or higher pressures. It can be explained by the fact that the jets are
having very high momentum compared to the crossflow and also
the experiment takes place in a low-pressure environment. The jets
are underexpanded, and therefore they can spread faster.

Also, their high momentum causes the jets to impinge and dis-
tribute mass upstream of the injection point, which then is redis-
tributed by the streamwise vorticity. And the stronger diffusion ef-
fects at low pressures help in this expedited mixing event. Because
thisis creepingflow (as aresultof very low pressures; Re ossfiow = 4-
12, heightof the test sectionbeing the characteristicdimension), the
vorticity produced will be diffused very quickly, and thus only very
near the injectionplane do we have the vorticity based mixing. Clas-
sical kidney-shaped cross sections observed at higher pressures do
not appear in this flow for the same reason. Also, the high mass
diffusionin low-pressure conditions will smooth out any sharp gra-
dients in the flow, which gives the jets a cloudy edge as compared
to atmospheric pressure jets in cross flow. This smudged kidney-
shaped structures can be seen in Figs. 4 and 6.

To better understand the functional dependence of the mixing
length on the momentum rate ratio, the points of zero mixing length
were removed from the graph, and the rest of the points are plotted
in Fig. 12. This plot shows that the linearity is specific to the injector
hole configuration, and thus the two configurations considered give
two different correlations. The two type of injector configurations
considered are illustrated in Fig. 2.

The correlations for the mixing lengths as a function of momen-
tum ratio are given for the two cases investigated here.
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18 4 'Y m config 1, 1.0 mmhole
A A config 2, 0.7 mmhole
16 - ® config 2, 1.0 mmhole
£ B
E 14 *
£ 121
2
5 10 A1
2 81 L=-016R +2056
X 6 -
=
4
5 £
L=-0.20R +14.19
O ) L) Ll 1

0 20 40 60 80 100 120 140
Momentum rate ratio

Fig.12 Nonzero mixing lengths as a function of momentum ratio. The
two injector configurations give two different correlations. Diameter of
the holes does not change the mixing lengths by a lot.

Configuration 1:
L =-0.20R+14.19
Configuration 2:

L = —0.16R +20.56

where R is the momentum rate ratio and L is the mixing length. The
correlation coefficients are 0.76 and 0.88, respectively. This corre-
lation will be duct specific and thus is valid only for a 10 x 50 mm
duct with these injector configurations or a scaled version of this.
At momentum ratios of 71 and 128.5, respectively, the graphs touch
zero; that is, the mixing length is zero, or in other words mixing
occurs at the injection plane.

This quantitative relation is most helpful in the design of the
nitrogen-dilutedsubsonic COIL (with a diluent ratio of around 4:1)
by giving the approximate location of the laser cavity. This distance
givenby the relationis approximatebecause this experimentalstudy
did not involve any reacting flow or lasing unlike the actual COIL.
There will be a small variation in the required optimum location
of the cavity as the mixing length can be altered slightly by heat
release in the reaction and change in molecular composition as a
result of consumption of iodine. When the diluent ratio in the main
flow is changed, the results will not be altered much because the
major fluid mechanic parameters will not be affected by replacing
nitrogen with oxygen.

Also, impingement of the jets might have an effect on the con-
sumption of iodine molecules. Impingement of the jets will be as-
sociated with a pressure drop because of blockage of the duct, but
it is already accounted for in this correlation.

The various issues in this mixing problem are as follows. The
entire flow is at low pressure so that diffusive transportis the main
mixing mechanism. However, very near the injectorarray the inertial
mechanism will be stronger than the diffusive mechanismas a result
of the high velocities of injection. This vorticity produced near the
injector array is quickly dissipated by this creeping flow. Thus the
hole diameter will affect the mixing very close to the injector, but
far away the mixing is purely diffusive. Thus, overall, the mixing
length depends mainly on the amount of mass injected and how
distributed the injector configuration is spatially.

Momentum ratio and mass ratio are the important parameters
governing the mixing length. In this situation, because the injection
is choked, the mass ratio and the momentum ratio are directly related
with a small deviation from linear relation caused by the pressure
variations in the test section (crossflow density variations). This
means that the mixing lengths can be correlated with mass ratio
as well as momentum ratio. Because for a few cases the mixing
lengths are very small and thus momentum mixing is important, the
momentum rate ratio correlation is more useful here.

The injector hole diameter plays only a small role in the mixing
process and thus is not an important parameter in this low-pressure
mixing problem. This is clearly seen from Fig. 12, where the mixing
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Table1 Select set of cases from the full data set to show the dependence on hole diameter
and the configuration (all ratios are jet-to-crossflow ratios)

Hole diameter,  Density =~ Mass  Momentum  Mixing length,
Case  Configuration mm ratio ratio rate ratio mm
1 2 0.7 3.53 0.97 47.04 15.0
2 2 1 1.82 0.99 46.64 15.1
3 2 0.7 3.90 1.03 48.51 12.4
4 2 0.7 2.19 0.58 27.29 15.3
5 1 0.7 3.63 0.58 27.42 8.5

length data for the two hole diameter cases coincideto give a single
correlation for each injector configuration (the spatial distributed-
ness of the injector array).

Cases 1 and 2 in Table 1 are both 1-mm hole arrays in config-
uration 2 and result in approximately same mass flow ratio and
momentum rate ratio and thus have the same mixing length even
though the hole diameters are different. Also from cases 2 and 3 we
see that for a given mass flow ratio the mixing length variation with
momentum ratio is as given by the correlation already presented in
this paper. This shows that the dependence on the hole diameter is
minimal and the main parameter is the momentum rate ratio. This
would imply that a designer can replace a smaller diameter hole
with a slightly bigger hole for easy manufacturabilityand adjust the
injection pressure to get the same mass ratio and momentum ratios
to get the same desired mixing.

To see the effect of the injector hole configuration, consider cases
4 and 5 in Table 1. Both the cases have the same mass ratio and the
momentum ratio but are of differentconfigurations. We see that con-
figuration2 has a higher mixing length compared to configuration 1.
This shows that the mixing length depends on the spatial distribution
of the holes in the injector array and is lesser for spatially uniform
configurations.

Though this study was performed in the context of subsonic
COIL, the main focus was on the fluid mechanics of mixing in the
low-pressure conditions in a typical subsonic COIL. Because there
is very little literature about low-pressure mixing studies, these data
would help in preliminary design of a subsonic COIL. Also for the
same reason this work can be used to benchmark CFD results for
low-pressure mixing studies.

Conclusions

The mixing of transversely injected jets of a carrier gas carry-
ing iodine vapor with a crossflow under low-density condition was
investigatedusing planar-laser-inducediodine fluorescence. The de-
pendence of the mixing length on crossflow and injector parameters
was investigated.

A parameter called degree of unmixedness, defined based on the
variance of intensities of fluorescence at each downstream cross
section, was used to quantify mixing. A mixing length was defined
as the location downstream of which the degree of unmixednesswas
less than 0.05. It was found that when the jets impinge head on with
the opposed jet the unmixedness values are low to start with and
thus mixing lengths are small.

The mixing lengths obtained were correlated using the ratio be-
tween the momentum flow rates of the injected jets and the cross-
flow. The mixing lengths were linearly dependenton this ratio until
a value where the jets mixed at the injection location. This linearity
is specific to the injector configuration, and thus the two configura-
tions considered give two different correlations.

The correlations for the mixing lengths as a function of momen-
tum ratio were obtained for the two cases investigated in this work.
This correlation is more or less independent of the hole diameter.
Thus a designer can inject the same mass flow through the injectors
with lower pressures and bigger holes instead of higher pressures
and smaller holes.

The effect of the number of holes on the mixing length is gov-
erned by the correlationsobtained in this work. The closely spaced,
spatially concentratedinjector hole configuration has a longer mix-
ing length than the spatially distributed hole configuration because
diffusion is the governing mixing mechanism.

The data obtained in this study can be used for designing an
efficient nitrogen diluted subsonic COIL. However, the effects of
reactions were not considered in this study. This study could also
serve as a benchmark for the CFD programs used for prediction
of mixing of jet in crossflow in low-pressure environments. The
concentration maps presented here can also be used for checking
the predictions from CFD codes.
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