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Abstract

An experimental investigation of the effects of jet
inlet flow conditions has been conducted for the isothermal
mixing of a single jet injected into a crossflow. Jet penetration
and mixing was studied using planar Mie scattering to measure
time-averaged jet mixture fraction distributions. The effects of
*passive’ control methods such as jet 'tabs' and jet swirl are
reported. Mixing effectiveness, determined using a spatial
unmixedness parameter based on the variance of the mean jet
concentration distributions, was compared {0 abaseline case of
a round jet injected into a uniform crossflow. All results are
compared at a jet-to-mainstream momentum-flux ratio of 8.5.
Inthe near-field, the mixing rates are similar to, or less than, the
baseline configuration using this measure of mixedness. None
of the tested configurations appear to significantly augment
mixing within a downstream distance of 3 diameters of an
equivalent-area round orifice.

Nomenclature

R

angle between longest dimension of
orifice and axial direction

orifice area

cross-sectional area of mainstream duct at
injection location

orifice aspectratio=L /W

orifice diameter

(mj / m)/(1 + my/ my)

orifice discharge coefficient
jet-to-mainstream momentum-flux ratio

= (p; VD (P Urnain?)

long dimension of orifice

mass flow of the jet

mass flow of the mainstream

density of the jet

density of the mainstream

spatial unmixedness parameter (see Eq. 1)
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\/ jet velocity =m;/ (p; ACy)

main  MAainstream velocity

short dimension of orifice

downstream coordinate, x = 0 at the leading
edge of the orifice

y cross-stream coordinate (horizontal)

z cross-stream coordinate (vertical)
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Introduction

Crossflow mixing is used in many applications where
the objective is to rapidly obtain a homogeneous mixture of the
injectant and mainstream. The mixing process is affected by
a number of parameters and optimization of the process in a
confined duct has been the topic of several recent investiga-
tions!?. The challenge to further increase mixing rates with-
out a corresponding increase in pressure drop is being met by
efforts to exploit 'passive’ techniques to enhance mixing.

The use of 'passive’ methods to control mixing has
been widely studied in axisymmetric free jets**. Orifice
shape has been demonstrated to augment mass entrainment
rates in axisymmetric systems exhausting into quiescient sur-
roundings. In those studies non-circular, low aspect ratio
orifices were found to increase mass entrainment rates by
factors of 2 over circular jets. In addition to the use of orifice
shape alone, the use of a ‘delta tab’ (a triangular protrusion into
the flow at the exit of the jet) has also been found to augment
mass entrainment in axisymmetric free jets. In both of these
‘passive’ configurations the increased entrainment is accompa-
nied by a phenomena called axis switching in which the jet
contracts in the direction of the major axis and expands along
the minor axis so that after some downstream distance the two
axes have interchanged. The interchange is not due to rotation
and results in a significant increase in mass entrainment rate.

The increased mixing rates of these techniques can be
attributed to generation of vorticity. In the case of a non-
circular orifice, the nonuniform boundary layer around the



circumference of the orifice generates primarily azimuthal
vorticity. With the proper placement of tabs streamwise
vorticity can also be introduced. These two different phenom-
ena are referred to as w,~induced dynamics (azimuthal) and
w_-induced dynamics (streamwise)*. The azimuthal and
streamwise vortical structures alone, and in concert, have been
shown to promote mixing and spreading in axisymmetric
configurations.

Besides vorticity generation, the use of swirl is an-
other "passive' method to affect mixing. Many experimental
studies have shown the dramaticeffects of swirl on aflowfield,
in particular the ability to change entrainment rate’. In general
the effects of swirl are increasingly dramatic as the degree of
swirl increases, however pressure drop also increases. Swirl-
ing flows are characterized by the ratio of radial to axial
pressure gradients which can range from streamlines which
merely rotate to streamlines which rotate and recirculate.
Therefore entrainment can be easily varied by the degree of
swirl, particularly in an axisymmetric configuration.

In this investigation the jet inlet conditions were
changed by adding 'tabs' and swirl to the jet The jet was then
injected into a crossflow and the mixing rate measured. Ina
crossflow configuration the shear layer between the jet and
crossflow generates significant vorticity at the point of injec-
tion. Whether the 'passive' techniques which were so success-

ful in axisymmetric free jets could add significant vorticity in
a crossflow configuration was the subject of the study. For
simplification only a single jet has been used. The effects on
jet penetration and mixing are now discussed.

Experimental

The mixing experiments were performedina 127mm
x 127mm horizontal windtunnel with provision for jet injec-
tion through one wall as shown in fig. 1. The air for the
crossflow was supplied by a blower attached to the tunnel inlet
with an 203mm diameter flexible duct. The inlet/settling
section was432mm x 432mm and contained adense "furnace"
filter to distribute the flow, followed by ahoneycomb and apair
of wire-mesh 50% open screens for flow conditioning. The
432mm x432mm cross section then contracted on all foursides
by a3rd order polynomial to the 127mm x 127mm test section.
The crossflow/mainstreamn velocity variation across the test
section was less than 5%. Turbulence intensity was 1%.

The jet enters the tunnel through a 3.2mm thick
bottom wall of the test section. The other three walls of the test
section are 3.2mm thick plate glass. The jet flow originates in
a 102mm x 102mm x 127mm plenum attached to the bottom
wall. The bottom wall contains a removeable plate in which
openings are machined to serve as the orificeitself, or to flush-
mount inserts, such as swirlers.
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Figure 1: Experimental Configuration used to Measure Planar Concentration Distributions
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Jet-to-mainstream momentum-flux ratio (J) was setat
8.5+0.2 for each of the configurations using an ACq that was
determined experimentally. This J was chosen so that the
round jets would have a trajectory that roughly followed the
midpoint of the tunne] and avoided wall contact. Jet mass flow
was held constant and the tunnel flow was adjusted to fix J,
therefore the jet-to-mainstream mass-flow ratio was slightly
different for some configurations. Typical jet Reynolds
number was 24000.

' Tab ' Configurations:

The 'tab' was a triangular protrusion into the jet flow at
the inlet plane parallel to the wall. The apex angle of the tab was
90 deg with each adjacent side equal to 4.76mm. Tabs were
placed on a round orifice with a diameter of 19.0mm and the
circular ends of a slot which had an aspect ratio of 2:1. The
physical area of the orifices without tabs was 284 sq. mm.
Addition of the tabs reduced the physical area by about4%. The
tested configurations are shown in Table 1.

Config.  Orifice WxL o AC,
Code Shape {(mm) (deg) (sq. mm)
y _
TAO @ 190x190 0 187
TA1 G 190x190 90 168
TA2 C) 190%190 0 168
TA3 Q 190x190 0 178
TRO Q 25.1x124 90 187
TB1 D 251x124 90 168
TB2 O 124x251 0 187
TB3 O 124%x251 0 168

Table 1: ' Tab ' Configurations

Swirler Configurations:

The effect of swirl was studied using stereolithogra-
phy tofabricate the two swirler configurations showninfigs. 2a
and 2b. Each configuration had 12 flat vanes which were
subsequently angled to provide 6 different swirl numbers. The
actual swirl number was not measured, butis estimated from the
vane angle and tabulated in Table 2. In the first swirler series
(A) 19.0mm vanes were connected between a 25.4mm OD and
a6.4mm center hub, shown with a vane angle of O deginfig. 2a.
In the second swirler series (B) 8.9mm vanes surrounded a
12.7mm diameter center jet, shown with a vane angle of 0 deg
infig.2b. Vane angle was variedas showninTable2 along with
the experimentally measured discharge coefficients.

2N

Figure 2a: Swirler A

Figure 2b: Swirler B

(center hub) (center jet)
Config.  Swirl Vane AC,
CLode  Number Angle (sg.mm)
SAO 0 0 290
SAl 0.05 5 290
SA2 0.1 10 290
SA3 02 15 290
SA4 04 30 271
SAS 0.7 45 187
SBO 0 0 239
SB1 0.05 5 239
SB2 0.1 10 239
SB3 02 15 239
SB4 04 30 239
SB5 0.7 45 213

Table 2: Swirler Configurations

Mie scattering was the primary diagnostic used to
optically measure jet mixture fraction distributions in planes
paralle] and perpendicular to the duct axis. The planar digital
imaging technique (see Ref. 14) is applied by marking the jet
flow with an oil aerosol (um sized particles). A light sheet



(0.4mm thick) is created using a 2W argon-ion laser and a
rotating mirror. The flow field was illuminated to acquire
planes of the end-on view, by passing the light sheet through
planes perpendicular to the injection wall (y-z plane) at various
axial locations. A thermo-electrically cooled CCD camera
fitted with standard 35mm lenses was used to record the
scattered light intensity. For the side views the camera was
focussed through the side window on the illuminated plane.
For the end-on view the camera was located inside the duct
450mm downstream of the orifice midpoint. The camera was
programmed to make exposures coincident with the sweep of
the beam through the flow field. The mean concentration
distributions were acquired over 15 seconds and represent the
time-average intensity of about 2000 instantaneous distribu-
tions which were then digitized in a 380 x 380 pixel format
(pixel size =0.3mm x 0.3mm x 0.4mm) and sent to a computer
for storage. The scattered light intensity is proportional to the
number of particles in the measurement volume. If only one of
two streams is marked (in this study the jet fluid), the light
intensity of the undiluted marked fluid represents mole frac-
tion unity.

Results and Discussion

Mean concentration distributions for round orifice
configuration with and without tabs are shown in Fig. 3. The
distributions are end-on views showing y-z planes at 5 down-
stream locations. A 32-level color scale is used to represent
contours of jet mixture fraction from 0 to 1, where pure
mainstream fluid colored red = 0, and pure jet fluid colored
dark purple = 1. In each plot the lowest contour representing
jet mixture fraction 0 - 0.031 has been colored white instead of
red for better illustration . The box surrounding the distribution
ateach stationrepresents a 76.2mm x 76.2mm area which starts
at the bottom wall of the duct and is centered on the midpoint
of the orifice. Note that the concentration distribution was
obtained over the entire duct but is not shown. A plan view of
the orifice configuration is shown in the upper left corner of the
first location for each data set. The mainstream flow direction
is from top to bottom for the orifice schematic. In all cases the
jet-to-mainstream momentum-flux ratio is 8.5.

The top row of distributions represents the baseline
case of a round orifice without tabs. Development of a pair of
counterrotating vortices characteristic of a jet in crossflow is
indicated as the jet enters the mainstream and is carried
downstream. Jet penteration increases and the plume spreads
with increasing downstream distance. The mixing field that
results from tabs placed perpendicular to the mainstream flow
direction is shown in the second row of distributions. The
effect of the tabs is to slightly increase jet penetration and
decrease spreading. Decay of the maximum concentration

appears to be very similar to the baseline case. Rotation of the
configuration so that the tabs are aligned with the mainstream
flow is shown in the third row. The effect of the aligned tabs
is to decrease jet penetration and increase spreading.  Again
decay of the maximum concentration appears to be very
similar to the baseline configuration at x/d > 2. In the fourth
row the upstream tab has been removed from the aligned tab
configuration. Each downstream distributions is very similar
to the baseline case indicating that the upstream tab in configu-
ration TA2 is primarily responsible for the decrease in penetra-
tion and increase in spreading observed in the distributions for
TA2.

In a two-stream mixing problem the fully mixed
concentration is defined by the jet-to-mainstream mass-flow
ratio. A measure of the mixing rate can be obtained by
comparing the jet mixture fraction distribution at any down-
stream plane to the fully mixed value. In order to quantify
mixing rates and compare the results of other studies the
authors' developed a measure of unmixedness based on the
variance of the concentration distribution, defined as spatial
unmixedness:

Us= Svar M
Cavg (1- Cavg)
where,

1Ly @ 2
Cvar == Z (G- Cavg)
T 1

= spatial concentration variance

Ci = time-average concentration at a pixel
Cavg = fully mixed concentration

U = 0 corresponds to a perfectly mixed system, and
Ug = 1 a perfectly segregated system. The denominator is the
maximum concentration fluctuation that can occur at the
specified fully mixed concentration. Normalizing by this
factor allows U values to be compared regardless of the jet to
mainstream mass-flow ratio of the system. Therefore, this
parameter allows comparison of the relative mixing effective-
ness of each configuration reported herein and comparison to
other configurations with different mass flow ratios.

Spatial unmixedness is plotted in fig. 4 as a function
of downstream position for the round ‘tab' configurations
shown previously in fig. 3. The unmixedness curve is started
at the trailing edge of the orifice (x/d = 1.0) to eliminate any
error in computing the fully mixed concentration before all of
the jet fluid is injected. The data from 10 data planes is plotted
including those shown in fig. 4. The curves indicate mixing
rates which become almost asymptotic after an initially rapid
decay, however the difference between the rates is insignifi-
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Figure 3. Concentration Distributions of the Round Orifice ' Tab ' Configurations shown in Table 1
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Figure 4: Mixing Rate of the Round Orifice ' Tab ' Configurations shown in Table 1






cant. The initial rapid mixing rate is attributed to the develop-
ment of the pair of counterrotating vortices caused shear be-
tween the jet and mainstream which leads to rapid local entrain-
ment. However once the jet trajectory bends to be parallel to the
mainstreamn the process slows and the fully mixed condition is
slowly approached. The ability of the 'tabs’ to augment or
sustain the mixing rate is not observed.

In fig. 5 the distributions of the 2:1 slots with and
without tabs are shown as a function of non-dimensionalized
downstream position where "d" is 19.0mm (the diameter of the
equivalent area round orifice, configuration TAQ). The distri-
bution resulting from the slot oriented transverse to the main-
stream, shown in the first row, appears very similar to the round
orifice (TAQ) shown previously in fig. 3. Penetration and
mixing are qualitatively similar although the strength of the
vortex pair appears weaker than the round baseline configura-
tion. With the addition of tabs to both ends of the slot jet
penetration is decreased and the vortex pair appears weaker. An
increase in spreading occurs but the maximum concentration of
jet fluid at x/d = 3 is higher in comparison to the slot without
tabs. In the third row the slot is aligned with the mainstream.
Penetration is increased compared to transverse slot but mixing
appears similar after a slow start due to the extra length of this
alignment. The addition of tabs to this configuration is shown
in the last row. The tabs decrease penetration but increase
spreading. Compared to the baseline, the mixing at x/d = 3
appears less complete for both of the slot configurations with
tabs.

The unmixedness plots for the 4 slot configurations of
fig. Sare shownin fig. 6. The curves are in agreement with the
qualitative assessment of the distributions afforded by fig. 5.
The addition of tabs clearly does not augment the mixing rate
in the case of the 2:1 slot. In addition the negative effect of the
tabis more significant in the case of the 2:1 slot compared to the
addition of the tabs to a round orifice.

Concentration distributions of the swirler configura-
tions for the swirlers with a central hub (series A) are shown in
fig. 7. Four of the six vane angles that were tested are shown as
a function of non-dimensionalized downstream position using
a value of 19.0mm for d (the diameter of the round orifice,
configuration TAQ). Although use of this value of d allows this
and the subsequent swirler data to be easily compared to the
previously presented tab data, note that the diameters of the
swirlers are larger than the round orifice (series A diameter is
2.5.4mm and series B is 21.6mm). The firstrow of distributions
is for a swirler with a vane angle of 0, i.e. no swirl. The jet
appears very similar to the baseline round orifice configuration.
In the second row the vanes have an angle of 10 deg. An
asymmetry in the jet appears indicating that a rotation has been
imparted to the flow. A vortex pair still develops and penetra-

tion does not appear to be drastically changed by the small
degree of swirl. Mixing appears similar to the non-swirled case.
As the degree of swirl increases in the 30 deg and 45 deg cases,
jet penetartion drastically decreases. In addition the swirl
appears to prevent the development of the vortex pair. Al-
though lateral spreading increases, entrainment decreases. The
lateral asymmetry introduced by the higher degree of swirl
appears to cancel the entrainment afforded by the vortex pair in
the nonswirled configuration.

In fig. 8 the unmixedness plots for the 6 vane angles
are shown as a function of nondimensionalized downstream
distance. There is little effect on the mixing rate in the near field
for vane angles O to 15, although at the last measurement station
the addition of swirl appears to augment the rate. Vane angles
abovel5 deg significantly decrease the mixing rate at x/d < 3.
The rates for the configurations with vane angles less than 15
deg are similar to the baseline round orifice (TAO) at x/d = 3.

The concentration distributions for the swirler con-
figurations that have a center jet (series B) are shown in fig. 9,
again plotted as a function of nondimensionalized downstream
distance where the value of d is 19.0mm. The distributions for
the 0 deg swirl case are similar to all of the other nonswirled
configurations shown previously. As swirl from the 10 deg
vanes is added around the center jet as shown in the second row
of distributions the symmetry of the jet is preserved and the
vortex pair is not weakened as was the case where the entire jet
flow is swirled (SA1). Asmore swirl is added in the 30 deg case
the symmetry of the jet is still preserved again unlike the fully
swirled case (SA4). Finally with the addition of 45 deg of swirl
the jet becomes distorted and development of the vortex pair

appears impedded.

Spatial unmixedness of the series B swirlers is shown
in fig. 10. The mixing rates are similar except for the 45 deg
configuration. The effect of the center jet has been to extend the
range of swirl that can be introduced into the jet with anegative
effect on mixing performance. Unfortunately the extra swirl
does not augment the rate over the nonswirled case.
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Figure 5: Concentration Distributions of the 2:1 Slot ' Tab ' Configurations
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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Figure 6: Mixing Rates of the 2:1 Slot ' Tab ' Configurations
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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Figure 7: Concentration Distributions of Swirler A Configurations
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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Figure 8: Spatial Unmixedness of Swirler A Configurations
(axial locations are non-dimensionalized bv d. the eauivalent round orifice diameter)
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Figure 9: Concentration Distributions of Swirler B Configurations
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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Figure 10: Spatial Unmixedness of Swirler B Configurations
(axial locations are non-dimensionalized by d, the equivalent round orifice diameter)
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nclysion

Two 'passive’ control methods that significantly improve mass
entrainment rates in axisymmetric free jet configurations have
been experimentally investigated in a jet-in-crossflow configu-
ration. None of the tested configurations significantly aug-
mented mixing performance within a downstream distance of
3 orifice diameters compared to the baseline configuration of a
round orifice. However the following effects were observed:

For the 'tab’' configurations -

« QOrientation of a 'tab’ relative to the crossflow streamlines
can modify jet penetration

» The effect of a 'tab’ on slot configurations is more
significant than on round configurations

» The ' tab’ configurations did not generate significant
vorticity compared to that generated by the crossflow

For the swirler configurations -

« Jet penetration decreases with increasing swirl number

+ Moderate swirl number does not augment mixing
performance

» Addition of a non-swirled center jet increases jet
penetration relative to a fully swirled configuration, but
jet penetration is not increased relative to the round
baseline configuration
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