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Flowfield Characteristics of a Confined Transverse Slot Jet
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The current study explored the mean and turbulent flowfield features of a confined transverse slot jet. The slot jet
spans 95 % of the full channel spanwise dimension, a geometrical feature found to result in a highly three-dimensional
mean flowfield. The transverse slot jet produces a recirculation bubble that has similarities to that found for the flow
downstream of a rearward-facing step. The flowfield results were compared with a 2:1 expansion ratio step flow and
the observations were discussed in the context of how the transverse slot jet may provide advantages compared with a
sudden expansion for subsonic combustors. High turbulence levels are achieved and large turbulent length scales are
produced for strong transverse slot jets. The momentum ratio of the jet to that of the channel is found to be a
governing parameter, and the dimensions of the recirculation zone scale with this parameter. A series of models
constructed in ANSYS/CFX-10 were done to complement the experimental work and showed that the three-
dimensionality of the mean flow disappears when the slot jet extends fully across the channel.
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= jet slot thickness

channel height

height of the mean recirculation zone
momentum flux ratio

length of the mean recirculation zone
integral length scale

velocity ratio

strain rate

mean streamwise velocity

jet flow velocity

maximum channel flow velocity with no jet flow
streamwise velocity fluctuation
cross-stream velocity fluctuation

slot jet width

channel width

spanwise velocity fluctuation
streamwise coordinate

cross-stream coordinate

spanwise coordinate

slot jet density
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I. Introduction

HE jet issuing into a crossflow stream, or the transverse jet, has

received extensive attention from the fluid dynamics research
community, both as a practical configuration found in numerous
engineering applications and as a fundamental three-dimensional
turbulent shear flow suitable for validating turbulent flow models.
The nonreacting transverse jet is a configuration applicable for
chimney stacks, V/STOL aircraft, dilution of combustion gases in
gas turbines, and film cooling. Reacting transverse jets include the
flame stabilization of a fuel jet issuing into crossflow as a model of
stack flares and secondary combustion zones in gas turbine
combustion chambers. Many previous efforts focused on the detailed
flowfield features, dimensionless groupings, streamwise trajectory
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behavior, and scaling properties of round jets issuing into unconfined
crossflow [1-11]. Vorticity dynamics have played an important role
in many studies, with emphasis on the origin and dynamics of the
counter-rotating vortex pair (CVP) [10,12—-18]. Other vortex systems
present in the round transverse jet include the horseshoe vortex
formed upstream of the jet, the jet shear layer structure, and the wake
vortices that occur downstream of the jet for sufficiently strong jet-to-
crossflow velocity ratios. For experimental studies, flow visual-
ization of this highly three-dimensional flow has been an invaluable
tool [19-23].

Alternative jet nozzle shapes have also received attention to
explore a passive means for mixing enhancement for transverse jets
[24-29]. Confinement has also been considered, related primarily to
gas turbine combustors [30]. The confined transverse slot jet in a
rectangular duct has received less attention, although a small number
of studies have been conducted [31-35]. These efforts considered a
slot jet that spans the entire dimension of the confinement (i.e.,
channel), and results show that the generated flowfield is nominally
two-dimensional with respect to mean and turbulence statistics. It is
not clear whether there is any CVP-type structure found for these
confined transverse slot jet cases. A recent study by Plesniak and
Cusano [36] explored the flowfield created for a rectangular jet
issuing into a confined crossflow, in which the width of the jet was
less than the depth of the crossflow duct. This study showed that a
CVP was established under most conditions with a slot jet that
spanned 80% of the duct depth.

The stabilization of nonpremixed combustion using transverse
injection has also been studied. Kalghatgi [37] explored the
stabilization of round jet flames exposed to crossflow and provided
an empirical relation that predicted the stabilization limit for a variety
of jet fuels. Fuel or air injected normal to a supersonic cross stream,
relevant for scramjet flows, has been employed in conjunction with
cavities and steps to enhance flame anchoring in the supersonic
environment [38,39].

Ramjet propulsion systems rely on low-speed recirculation
regions for flame anchoring [40]. Sudden flow path expansions,
either using rearward-facing steps or bluff bodies, are employed to
anchor the flame and produce turbulence that facilitates efficient
volumetric combustion rates. An asymmetric rearward-facing step
flow shown in Fig. laillustrates the features of the separated flow that
are used for flame anchoring and production of turbulence for
efficient combustion. The internal surfaces of the engine that have
area projections in the streamwise direction are responsible for thrust
production. The downstream-facing surface area at the expansion
plane projects in the streamwise direction; hence, the pressure along
this surface is a primary source of thrust. Although thrust may be
produced with a sudden expansion geometry, the pressure at the
dump plane is lower than in the downstream region in which partial
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Fig. 1 Schematic of a) the rearward-facing step and b) the transverse-
slot-jet-based ramjet combustor.

static pressure recovery is achieved. Hence, the step geometry has an
associated drag penalty. Additionally, the impedance associated with
a sudden area change in a duct often participates in thermoacoustic
combustion instabilities [41,42].

Figure 1b shows an alternative ramjet combustor, the dump plane
of which is replaced by an asymmetric diffuser that efficiently
recovers dynamic pressure through avoiding flow separation. The
diffuser has the same streamwise projected area as the step
configuration shown in Fig. 1a. For the same operating conditions,
the diffuser geometry will result in higher thrust due to the increase in
pressure along the diffuser. Although the diffuser increases thrust,
the flame-anchoring and turbulence-production traits of the
recirculation zone are lost. A fluidic-based scheme is proposed to
induce a large-scale recirculation zone that will provide the necessary
environment for flame stabilization and efficient combustion rates. A
single slotjetissuing into a rectangular channel is known to produce a
global recirculation zone that is reminiscent of the flow produced
downstream of a rearward-facing step [31]. The long-range objective
of the current research project is to study the combustion
characteristics of a ramjet model that employs a transverse slot jet for
stabilizing the flame and producing highly turbulent flames, with the
motivation of increasing thrust due to the higher loads on the diffuser
in comparison with a rearward-facing step. The present paper
describes the nonreacting studies that focus on understanding the
mean and turbulent flow characteristics of the recirculation zone
created using a transverse slot jet. Comparisons are made to an
analogous rearward-facing step flow. The results support the
proposal that such a fluidic approach has potential for flame
stabilization and combustion rate enhancement.

II. Experimental Setup

The experiments were conducted in the Combustion Laboratory in
the Mechanical and Aerospace Engineering Department at The State
University of New York at Buffalo. The experimental facility is
shown in Fig. 2. A channel flow facility was constructed having a
short dimension height of 12.5 mm and an aspect ratio of 4:1. The air
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Fig. 2 Experimental facility and test section.

for the main channel flow is generated using a blowdown type
facility, in which pressurized air is regulated and metered before
delivery to the plenum of the channel flow facility. The plenum
contains flow conditioning in the form of two coarse screens, a 1-in.
section of 1/8-in. aluminum honeycomb, followed by two fine-mesh
screens. The Reynolds number based on the channel velocity U, and
channel height H was held constant at approximately 19,000.

The details of the test section are shown in Fig. 2. An injection slot
is situated on the bottom wall of the test channel. The slot spans 95%
of the full channel spanwise depth and is centered in the spanwise
direction. The slot jet has a short dimension of 1.2 mm. Compressed
air was first passed through a Laskin nozzle for seeding the airstream
with nominally 1-pum-diam olive-oil droplets before delivery to the
manifold for the injection flow [43]. High-porosity open-cell foam
and a screen were used in the jet manifold to establish spanwise
uniform flow through the slot jet. The foam filled the cross section of
the manifold plenum and was 10 mm in thickness. Bypass air around
the Laskin nozzle was used to control the seeding rate for a fixed flow
rate to match the particle seeding density of the crossflow stream. The
injection air was metered using Dwyer rotameters employing
corrections for deviations from standard density. The channel flow
rate was set using digital particle image velocimetry (DPIV) before
each experiment.

DPIV was used to study the velocity field of the transverse slot jet
flowfield. The system is controlled by IDT software ProVISION-XS,
which employs a PC and an IDT MotionPro X Timing Hub for
synchronization. A New Wave Research Solo PIV III Nd:YAG laser
capable of 50 mJ/pulse (532 nm) at 15 Hz is used as a light source.
An X-Stream VISION camera is used for collecting images for cross-
correlation-mode DPIV. Sheet-forming optics and a 45-deg mirror
are used to deliver an approximately 1-mm-thick light sheet to the
test section. DPIV data were collected in the side and plan views of
the transverse slot jet; different DPIV planes are taken through proper
orientation of the experiment relative to the laser sheet. Images were
processed using 32 x 32 pixel interrogation regions with 50%
overlap, resulting in a spatial resolution of 0.64 mm. Subpixel
displacement calculations are done using a true resolution algorithm
[44].

Generally, 800 image pairs were collected for each case.
Uncertainty due to precision and bias error (due to peak locking) for
instantaneous vector calculations was approximately 0.016 and
0.02 pixels, respectively. Uncertainties due to flow unsteadiness over
time and calibration of the DPIV were checked using overlapping
regions for different camera locations with data taken during
different times during the same experiment. Uncertainty estimates
for the mean and rms fluctuating velocity, based on Student’s t- and
chi-squared distributions, were found to be 3 and 2% of U,
respectively. Note that the uncertainty of the rms fluctuating velocity
is approximately 5% of the peak rms fluctuation velocity (~12 m/s).
The uncertainty of the Reynolds stress was estimated to be
approximately 20% in the high-turbulence region, based on data
from 30 sets of 812 vector fields for a related experiment with similar
turbulence intensities. The uncertainty in the strain rates was found
experimentally to be approximately 7% of the peak value
(~8000 1/s). Figure 3 shows comparisons of sample cross-stream
profiles of various velocity statistics for two sets of 400 samples. The
comparison of the two data sets with reference to the included error
bars (based on 400 samples instead of 800) show that the scatter is
within the estimated uncertainty. All uncertainties are plus and minus
the stated value.

Figure 4 shows profiles of the mean and rms fluctuation of the
streamwise velocity across the channel near the injection location
with no injection flow. The channel flow has a low turbulence level in
the central part, bounded by turbulent boundary layers near the
channel walls. The boundary-layer thickness 8y is approximately
1.9 mm. The velocities are normalized by the maximum channel flow
velocity with no jet flow, U, . The velocity profile of the injection jet
is expected to play a role in the transverse slot jet flowfield.
Experimental results on round jets in crossflow show that top-hat
profiles produce stronger vortex structure and bend earlier than a
fully developed jet profile [11,45,46]. The jet orifice for the current
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Fig. 3 Repeatability of a) mean velocity, b) rms streamwise fluctuation,
¢) Reynolds shear stress, and d) rms strain rate.
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Fig. 4 Profiles of a) mean streamwise velocity and b) rms of streamwise
velocity fluctuation for the channel flow without the transverse jet.

experiment is short (L /D is on the order of unity), and the velocity
profile is expected to have a nominally top-hat shape.

In addition to the transverse slot jet, a 2:1 area ratio rearward-
facing step-flow case was studied through employment of a leading-
edge contoured step insert piece in the channel section. The data in
this case were in strong agreement with the step-flow results of Forliti
and Strykowski [47]; hence, limited data for this case will be
presented. The step flow provides a benchmark for the transverse slot
jet flowfield.

A numerical component for the current project was conducted
using ANSYS/CFX-10. A three-dimensional grid was generated to
match the injection and channel dimensions. Figure 5 shows the

Inlet

Outlet

Injection
Fig. 5 CFD model for the transverse slot jet.

computational domain for the three-dimensional RANS calculation.
The standard k-¢ model was used. The purpose of the numerical
study was to determine the qualitative effect of the ratio of the slot jet
to channel width as well as to help explain some of the experimental
observations. Comparisons between the numerical and experimental
results will be discussed in the following section. A uniform
crossflow was employed for the channel flow inlet, and no-slip
boundary conditions were used on all wetted surfaces. The slot jet
was modeled as uniform flow and was applied on the slot passage
located one channel height H upstream to allow interactions between
the crossflow and the jet flow upstream of the slot jet exit
downstream of the inflow boundary to allow boundary-layer growth
on the channel wall, matching the boundary-layer thickness of the
experiments. Two slot widths were considered: one case with a 95%
slot width matching the experiment and one case with a 100% slot
width that matches much of the other confined slot jet in crossflow
cases from literature.

III. Results

The primary motivation of the present work was to study the
characteristics of the recirculation zone induced using a transverse
slot jet and to analyze the results in the context of potential for flame
holding and turbulent combustion. A parameter used to characterize
the jet in crossflow configuration is the momentum flux ratio, defined
as

2
J:pﬁz €5)

PoUs
where p is the density, U is the characteristic velocity, and the
subscripts j and o represent the jet and crossflow, respectively. The
square root of the momentum flux ratio r is the equivalent velocity
ratio [9]. The definition of the jet velocity becomes subjective,
because the jet always has a velocity profile that is not perfectly
uniform. A bulk- or mass-flow-averaged velocity is often used,
although others have used a definition that is more akin to a
momentum-based average value. It has been shown that the jet
trajectory normalized by the jet diameter D is a function of the
velocity ratio r, although normalization by rD typically results in a
collapse of profiles over a range of velocity ratios [9,12]. Jet initial
conditions and Reynolds number effects are responsible for the
observed scatter between different experimental configurations
[23,48]. For the present work under confined conditions, the channel
height H is arelevant length scale, because the objective of the design
is to induce a global recirculation zone that will scale with the
channel dimension. Because of this, the momentum ratio (MR) of the
jetto the channel flow is expected to be a more appropriate parameter
and is defined as

_ p,U;DW,

MR =L
P UHW,

(@)

where W is the width of the slot or channel. Results to be presented
elsewhere using a different slot jet diameter D have shown that the
recirculation bubble dimensions scale predominantly with MR and
not J.

Figure 6 shows two sample instantaneous side-view velocity-
vector fields taken in the midspan plane fora MR = 0.12 (J = 1.24).
The mass flow ratio of the jet to the channel flow is 0.1. The spatial
resolution of the DPIV data is marginal near the injection point at
which the slot jet is only represented by a few velocity vectors. The
transverse jet penetrates into the crossflow, causing the formation of
relatively large turbulent structures that scale with the penetration
height. There is a region above the jet near the streamwise injection
point in which the crossflow locally accelerates as it encounters the
blockage caused by the transverse jet. The flow on the upper half of
the channel flow is nominally undisturbed.

Two instantaneous velocity-vector fields for a higher MR of 0.49
(J = 5.28) are shown in Fig. 7. The mass flow ratio for this case is
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Fig. 6 Instantaneous velocity vectors for MR = 0.12.
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Fig. 7 Instantaneous velocity vectors for MR = 0.49.

0.22. The jet appears to penetrate all the way across the channel,
although entrainment of crossflow occurs along the trajectory.
Acceleration and turning of the crossflow is again observed above the
deflected jet. Large vortical structures are also observed, and large
regions of instantaneous reverse flow are present downstream of the
injection location.

The mean streamline pattern is shown in Fig. § for the MR cases of
0.12 and 0.49. The streamline patterns show that the transverse slot
jetinduces a recirculation zone reminiscent of that produced due to a
sudden expansion (e.g., the flow downstream of a rearward-facing
step). This is one of the important flow features required for flame
stabilization in a high-speed reacting flow. Note that due to the large
length of the recirculation bubble for the higher-MR case, multiple
camera locations were required. The camera was moved during the
experiment, recalibrated, and 800 image pairs were collected at each
camera location. The slightly overlapping data regions were patched
together to obtain the overall domain. The streamline pattern
provides a means for defining the dimensions of the recirculation
zone, which are relevant when considering the dynamics of the flame
stabilization process [49]. The height and length of the recirculation

b)
Fig. 8 Mean streamline pattern for MR of a) 0.12 and b) 0.49.

are determined using the streamline that is attached to the
downstream edge of the injection slot; for two-dimensional flow, this
streamline establishes an attachment point at the downstream end of
the confined recirculation zone. Such a streamline appears to exist for
the low-momentum-ratio case, whereas for the high-momentum-
ratio case the streamline along the trailing edge of the recirculation
bubble has a bifurcating characteristic that indicates the presence of
mean flow three-dimensionality [50]. The length-to-height ratio of
the recirculation bubble is in the range of three to four, whereas for
the 2:1 area ratio step flow, the ratio is on the order of 7 [47,51];
hence, the transverse jet produces a much more compact
recirculation zone. Additionally, the rearward-facing step flow
contains a small secondary recirculation zone near the dump plane
that is not present for the transverse slot jet flowfields [47].

The mean streamwise velocity distributions for the two cases are
shown in Fig. 9. The velocity component is normalized by the
maximum channel velocity without injection, U,, which was
nominally 26 m/s. The low-momentum-ratio case shows a slight

y/H

a)

y/H

b)

Fig. 9 Mean streamwise velocity distributions for MR of a) 0.12 and
b) 0.49.
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acceleration of the main channel flow due to the blockage created by
the transverse jet. The reverse velocity in the recirculation zone
reaches approximately 20% of the channel characteristic velocity.
The acceleration and reverse flow both increase with increasing MR.
AtMR = 0.49, the peak velocity difference across the channel in the
region of the recirculation region is nominally 2.2 times the
characteristic velocity, providing a large shear magnitude for
turbulence production that will be beneficial for volumetrically
efficient turbulent combustion. The peak shear was nominally the
same for the 2:1 rearward-facing step flow. The transverse jet acts as
a virtual nozzle for the channel flow (i.e., causes a contraction of the
crossflow). The turbulence of the slot jet must also play arole, either
as the initial turbulence that grows in the mean shear, or act as a
disturbance to the unstable separated channel flow. One might expect
that the high reverse velocities may be detrimental to flame holding,
because the residence time of a typical reactant pocket may be too
short for combustion to be completed, although this may be
alleviated if the turbulent flame speed within the recirculation zone
increases. The high-momentum-ratio case provides a nominal 50%
contraction of the channel flow (as indicated in Fig. 8). The slight
discontinuity in the isovelocity lines near the middle of Fig. 9b is
caused by uncertainties in the mean velocity and image window
locations. The low-MR case was found to satisfy two-dimensional
mass conservation, whereas the higher-MR case did not, suggesting
the presence of out-of-plane motion. The rearward-facing step flow
also contains a nominally stagnant region in the first couple of step
heights downstream of the step in which the recirculation velocities
are very low. The stagnation region near the dump plane for the step
flow has less shear than the downstream region, rendering the
upstream region less effective at producing turbulent energy [47].
The normalized turbulence levels are defined as

1/2
2 /2
(urms + vrms)

U,

3

where u' and v are the streamwise and cross-stream velocity
fluctuations, and rms represents a root mean square. Figure 10 shows
the normalized turbulence levels for the two MR cases. For the low-
MR case, the injection creates a highly turbulent flow that remains
near the injection wall, with nonturbulent crossflow flowing above
the turbulent region. For the higher-MR case shown in Fig. 10b, the
turbulence levels are much higher and span the entire height of the
channel. In fact, the peak-turbulence contour is slightly skewed
toward the upper wall in the downstream half of the domain. The high
turbulence levels begin to decrease in the downstream half of the
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Fig. 10 Normalized turbulence levels for MR of a) 0.12 and b) 0.49.

domain. Reduced turbulent energy production caused by a drop in
mean shear as well as dissipation, convection, and diffusion of
turbulent energy is responsible for the reduction in peak turbulence
levels.

The peak normalized reverse velocity obtained for the step flow of
Forliti and Strykowski [47] was 0.4 (when scaled with the equivalent
characteristic velocity), whereas the MR = 0.49 case value is 0.6.
Likewise, the peak turbulence level for the step-flow case was
nominally 0.4, whereas the peak turbulence level for the current
study is 0.6, representing a 50% increase in turbulence level using a
transverse slot jet compared with the step flow. Additionally, the
step-flow configuration requires several channel heights of
development before peak turbulence levels are reached, whereas
the transverse slot jet quickly acquires high turbulence levels due to
the increased shear and potential effects of the jet turbulence. The
comparison between the current results and the step flow indicate a
potentially significant improvement for premixed combustion
systems using transverse slot jets. Note that although it is unclear
whether higher levels of reverse flow will have a positive effect on
flame anchoring, results for a dump combustor with counterflow
control suggest that a smaller recirculation zone with high reverse-
flow velocities may indeed improve flame holding [52-54].

Figure 11 presents the normalized Reynolds stress term u'v'/ U?
for the two MR cases. The poor spatial resolution of the near field of
the slot jet results in unresolved Reynolds stresses. The downstream
region shows the development of Reynolds stress as the structures
grow to sufficient size to be resolved by DPIV. The Reynolds stresses
increase dramatically as the momentum ratio increases, increasing by
a factor of 5 between the two cases. For reference, the normalized
peak Reynolds stress measured in the present study for a rearward-
facing step flow was approximately —0.045 compared with —0.15
for the high-momentum-ratio transverse slot jet. The results suggest
that the turbulent energy production is very high for the high-
momentum-ratio case and will produce higher turbulence levels than
the rearward-facing step flow having the same mean shear. The high
relative uncertainty of 20% for the Reynolds shear stress is small
relative to the noted difference between the slot jet and the rearward-
facing step.

Strain rates are very important for combustion. Premixed flames
exposed to excessive strain rates result in reduced turbulent flame
speeds and local/global extinction [55,56]. The DPIV diagnostic
spatially filters the velocity field, equivalent to a low-pass filter in
wave-number space. The current spatial resolution is not sufficient to
measure dissipation scales; hence, filtering is significant. The strain
rate measurements still provide insight for combustion-related strain,
because extinction processes are associated with scales that are of the

1.0

0.5

y/H

b)
Fig. 11 Reynolds stress for MR of a) 0.12 and b) 0.49.
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Fig. 12 Strain rates for MR of a) 0.12 and b) 0.49.

same order of magnitude as the flame thickness [57]. Figure 12
presents the normalized rms of the §|; component of the strain rate
tensor, defined as

T _ [du/do?)”
U/H — U,JH

@

where du/dx is the instantaneous streamwise velocity gradient in the
streamwise direction, and the overbar represents a time average. Note
that this definition includes strain due to the mean and fluctuating
velocity fields. The strain rate due to mean shear in the streamwise
direction is weak except near the injection location (Fig. 9). For the
present step-flow results, the normalized rms strain rates achieve a
value of approximately two near the downstream half of the
recirculation zone. For the low-MR case, the normalized rms strain
rates range from two to three over the downstream half of the
recirculation bubble, whereas values are slightly higher for the
higher-MR case. The results indicate that the transverse jet may be
more susceptible to quenching effects under combustion conditions
compared with the rearward-facing step, with dependence on the
strain rates normalized by the flame strain. Note that under the slot jet
trajectory, where flame holding will occur, the rms strain rates are
lower than in the peak-turbulence region.

It was shown from the streamline pattern that the flow at the higher
MR appeared to contain mean flow three-dimensionality. Spanwise
DPIV was conducted by rotating the experiment 90 deg about the
streamwise axis, and the measurement plane was adjusted to a
number of different locations relative to the plane of the injection
wall for the transverse jet. Figure 13 shows the mean streamline
pattern in two spanwise planes located at different distances from the
injection wall. Note that these are not technically streamlines,

2y\\zw
\M

a) b)
Fig. 13 Mean streamlines in the spanwise plane for y/H of a) 0.16 and
b) 0.32.

because the velocity component out of the plane is generally
nonzero. The apparent three-dimensional nature of the flow is readily
observed. For the plane closest to the injection wall shown in
Fig. 13a, located at y/H = 0.16, some interesting features are
captured. The crossflow encounters the slot jet and creates a large
stagnation point. The crossflow turns toward the side walls on each
side of the midspan line and passes through the narrow gap between
the slot jet and the side wall. There is a slight asymmetry in the
location of the slot jet relative to the channel spanwise center. The
asymmetry may be due to actual flow asymmetry that has been
observed in round jets in crossflow experiments [9,36] or due to
slight misalignment of the light sheet (the light-sheet alignment is
accurate to approximately 0.5 mm). Two large-scale vortex
structures are observed near the outer edge of the slot jet. Similar
structure was observed in the surface streaklines of an unconfined
transverse slot jet studied by Krothapalli etal. [24] Fig. 13b shows the
spanwise mean streamlines for y/H = 0.32 and shows a smaller
recirculation region centered in the spanwise plane. A pair of mean
flow counter-rotating vortices is also present, although they are
located much closer to one another compared with the y/H = 0.16
location. The crossflow external to the recirculation region passes
around the recirculation bubble in a manner similar to the flow
around a smooth obstacle. Such three-dimensionality has not been
observed in confined slot jets in which the slot jet spans the entire
channel dimension [31,32]. Plesniak and Cusano [36] observed a
CVP structure for their slot jet that spanned 80% of the duct depth.
Hence, itis expected that the creation of these structures is connected
to the fact that the slot jet does not span across the entire channel. This
will be discussed in more detail later. The spanwise measurements
made in the current study with the 2:1 step flow showed nominal
spanwise invariance, although there were some three-dimensional
effects near the side walls, as would be expected.

Figure 14 shows the spanwise distribution of the mean streamwise
velocity at the two transverse locations. The y/H = 0.16 case shown
in Fig. 14a shows that the recirculation bubble as defined by the
footprint of the zero streamwise velocity contour has a triangular
shape, a qualitative feature in agreement with the streamline pattern
shown in Fig. 13a. The high mean reverse-velocity region, defined as
U/U, < —0.4, is limited to a small region in the center of the span.
The region near the side walls contains higher mean streamwise
velocities, because the crossflow accelerates as it passes between the
slot jet and side wall. The mean streamwise velocity distribution
shown in Fig. 14b for y/H = 0.32 shows a smaller reverse-flow
region. It is clear that the recirculation zone appears to have a
domelike shape that is centered in the span and has a peak height in
the midspan plane. This shape suggests that the slot jet trajectory has
maximum penetration near the spanwise center and a lower trajectory
for side-view planes that approach the side walls. This trend is
different from previous results for spanwise transverse slot jets under
confined conditions in which the slot jet spans the entire channel
depth, which has been shown to produce a nominally spanwise
uniform flow outside the side-wall boundary layers [31,32]. The
vertically oriented high-speed band passing through near x/H = O in
Fig. 14b is the streamwise component of the transverse slot jet that
has begun to acquire a streamwise component due to bending by the

0 1 2
x/H

b)
Fig. 14 Distribution of mean streamwise velocity in the spanwise plane
for y/H of a) 0.16 and b) 0.32.
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Fig. 15 Distribution of turbulence level in the spanwise plane for y/H of
a) 0.16 and b) 0.32.

crossflow. The jet has a higher streamwise velocity near the side
walls, likely caused by the increased deflection of the jet as the side
walls are approached.

Figure 15 shows the distribution of the turbulence level defined
similar to Eq. (3), although using the spanwise fluctuation w’ instead
of v'. The distributions are symmetric with respect to the spanwise
center, with peaks located near z/H ~ +1. Peak turbulence levels
are located generally outside of the recirculation zone, although the
boundary of the recirculation zone may extend into highly turbulent
regions. Turbulent transport across the recirculation-zone boundary
plays an important role in flame-holding dynamics within the
recirculation zone, because unsteady flux of reactants and products
across the boundary influences combustion rates and self-
sustainability.

Although the recirculation zone is highly three-dimensional in
nature, general dimensions of the recirculation zone in the midspan
plane are of interest for global considerations related to the potential
for flame anchoring. The height of the recirculation zone 4 is
relatively simple to determine based on the peak of the trajectory of
the streamline that originates from the downstream edge of the slot
jet. Determining the length [ is slightly more subjective, because of
the bifurcating nature of the streamline that bounds the recirculation
zone. The bifurcation is related to the downstream stagnation point of
the recirculation zone illustrated in the spanwise streamline pattern
(see Fig. 13) [50]. Figure 16 shows the length / and height £ of the
recirculation zone in the midspan plane as a function of MR. Itis clear
that the scale of the recirculation zone can be continuously
controlled. The length of the recirculation zone begins to saturate at
the higher-MR conditions, whereas the height shows less saturation
at the higher-MR values. The effect of confinement is likely
responsible for the saturation of the dimensions of the recirculation
zone.

Figure 17 shows the integral length scale calculated as a function
of the streamwise position for the low- and high-MR cases. The
integral length scale is calculated from a transverse integration of the
spatial correlation function based on the streamwise velocity
fluctuations. The vertical reference point y/H at a given streamwise
location x/ H for the correlation function is coincident with the local
peak turbulence level (i.e., the integral length scale is calculated on a
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Fig. 16 Normalized a) length and b) height of the recirculation zone in

b)

the midspan plane as a function of MR.
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Fig. 17 Integral length scale as a function of streamwise position.

trajectory defined by the loci of peak turbulence level). The integral
length scale calculated for the step flow is included in Fig. 17 for
reference. It is clear that the transverse slot jet creates much larger-
scale turbulence in comparison with the step flow. For combustion
applications, this should be a benefit, because enhanced turbulent
combustion should be realized [58]. The low-MR case produces
scales that nearly match that of the step flow, even though the height
of the recirculation zone is small relative to the step height for the
rearward-facing step flow.

The ANSYS/CFX-10 calculations were done to complement the
experimental data to provide further insight into the structure of the
recirculation zone. A detailed quantitative validation of the
computational fluid dynamics (CFD) was not undertaken, although it
was found that the CFD provides qualitative agreement with the
experimental data. Figure 18 shows the mean streamline pattern and
mean streamwise velocity distribution for the CFD results in the
midspan side-view plane fora MR of 0.49. The qualitative features of
the flow are captured well by the CFD model (see the experimental
data in Figs. 8b and 9b for comparison with Fig. 18). Figure 19
provides the CFD spanwise data at y/H of 0.16. The streamline
pattern in the spanwise plane shows the same features as the
experimental data. Now that the CFD results have been shown to
represent the qualitative features of the flow, the numerical results
can be used to help explain some of the observations of the three-
dimensional flowfield. The level of agreement between the
experiment and CFD results is surprising, although quantitative
comparisons show that momentum diffusion is underpredicted by
CFD. The qualitative agreement suggests that the flowfield
mechanisms are robust and mainly governed by the boundary
conditions and geometry.

Figure 20 presents the pressure coefficient distribution along the
injection wall, with a reference pressure of 1 atm and normalized by

Fig. 18 Side-view midspan distribution of a) mean streamwise velocity
and b) mean flow streamlines for the CFD model at MR = 0.49.
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Fig. 19 Spanwise distribution of a) streamlines and b) mean stream-
wise velocity for the CFD model at MR = 0.49.
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Fig. 20 Pressure coefficient distribution on the injection surface for the
CFD model at MR = 0.49.

the dynamic pressure based on the characteristic channel velocity
U,. It is clear that the static pressure near the side walls and
downstream of the injection-location region is a local minimum. The
static pressure difference across the slot jet is a minimum near the
midspan and increases toward the side walls. The higher pressure
drop across the slot jet near the side walls produces a stronger
deflection of the jet, resulting in the observed shorter-height
recirculation region in this region. The jetlike flow that is created as
the crossflow passes through the gap between the slot jet and the side
walls likely creates this lower-pressure region due to the additional
entrainment combined with the entrainment into the slot jet. The
magnitude of this effect depends on the height of the recirculation
zone, which is determined by the MR. At low MR, the flow near the
center plane was found to be nominally two-dimensional (i.e., the
mean flow satisfies two-dimensional mass continuity).

The DPIV results in the side and plan view have given an
indication of the three-dimensional structure of the recirculation
region. The ANSYS/CFX-10 model results provide a qualitative
picture of the recirculation region. Figure 21 is a visualization of the
CFD streamline pattern in the region downstream of the slot jet for
both a 95 and 100% slot width. As identified in previous figures, the
recirculation region for the 95% case has a triangular footprint and
reaches a peak height in the midspan plane. Figure 21b shows that the
recirculation zone for the 100% width slot jet is nominally two-
dimensional, although side-wall effects create some weak spanwise

Fig. 21 CFD streamline pattern in the recirculation zone for the a) 95 %
and b) 100% slot jet at MR = 0.49.

variation. The 95% slot CFD results showed a CVP that emanated
from the trailing edge of the recirculation zone. This CVP was not
present in the 100% slot case. The grayscale contours represent mean
streamwise velocity near the injection wall, with the 100% case
showing strong spanwise uniformity.

IV. Conclusions

The current work explored the flowfield of the recirculation region
generated using a transverse slot jet. The project is motivated by the
desire to improve thrust performance of ramjet engines through
reducing flow path losses, requiring a new strategy for flame-holding
and turbulent-combustion enhancement. The current phase of the
work focused on nonreacting flow to understand the basic turbulent
flow features of the proposed configuration. A variety of momentum
ratios were studied, ranging from zero to approximately 0.5. The slot
spanned 95% of the channel duct, a feature that resulted in a highly
three-dimensional mean flowfield. The longitudinal and transverse
scales of the recirculation zone increase monotonically with
momentum ratio. Comparisons were made to the flow downstream of
a 2:1 area ratio rearward-facing step flow. It was found that the
transverse slot jet produces high turbulence levels in a short
streamwise distance, a trend that should benefit the targeted
application. In addition to the enhanced turbulent energy, larger
integral length scales were produced in the midspan plane compared
with the step-flow results. A numerical aspect of the work employed
CFD to model the qualitative characteristics of the flow. Static
pressure distributions in the region of the slot exit provide an
explanation for the observed domelike shape of the recirculation
region. CFD calculations showed that a 100% slot case resulted in a
nominally two-dimensional flowfield. Current studies are focused on
flame holding and combustion rate measurements for the transverse
slot jet for a crossflow containing a mixture of air and hydrocarbon
fuels. The slot-to-channel depth ratio is considered a potentially
important parameter for producing three-dimensionality and a CVP
that might improve combustor performance compared with
configurations that are two-dimensional. Future studies will also
look at means for enhancing the CVP to determine if a strong CVP
promotes enhanced combustion processes. Creating three-dimen-
sional flow features will also contribute to the control of
thermoacoustic instabilities; hence, the slot-to-channel depth ratio
may be a parameter that influences unsteady combustion oscillations.
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