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ABSTRACT
A direct numerical simulation of a square jet ejected

transversely into a laminar boundary layer was performed at
a jet-to-main-flow velocity ratio of 9.78 and a jet Reynolds
number of 6330. The jet consisted of a single pulse with a du-
ration equal to the time required for the jet fluid to travel 173
jet widths. A strongly-favorable streamwise pressure gradient
was applied to the flat-plate flow and produced a freestream
acceleration that is above the typical threshold required for
relaminarization. The results of the simulation illustrate the
effect of the favorable streamwise pressure gradient on the
flowfield created by the transverse jet. The upwind shear layer
of the jet is unstable to a Kelvin-Helmholtz-like instability
and rolls-up into discrete shear-layer vortices. Vorticity from
the jet shear layer accumulates near the corners of the jet and
produces vertically-oriented vortex pairs near the upwind and
downwind corners of the jet. The upwind pair couples with
the shear-layer vortices to produce large, counter-rotating vor-
tices in the freestream, while the downwind pair is unstable,
and periodically produces hairpin-like vortices in the main-
flow boundary layer and elongated, downwards-oriented vor-
tices in the freestream behind the jet. The departure of the jet
flowfield from that typically observed in transverse jets illus-
trates the effect of the favorable streamwise pressure-gradient
on the flowfield created by the jet.

INTRODUCTION
The flowfield surrounding a jet ejected transversely into

a flow has been the subject of extensive research. Transverse
jets occur in numerous engineering applications, including in
gas turbine engines when diluting high-temperature combus-
tion products before they enter the turbine section (Vermeulen
et al., 1992), in film cooling and active flow-control of turbine
blades, in thrust-vectoring of rocket engines, and during the
transition from vertical to forward flight in vertical take-off
and landing aircraft (e.g. Karagozian, 2010). The transverse

jet achieves a high degree of near-field mixing largely due to
the complex system of vortical structures that are created by
the jet. Fric and Roshko (1994) categorized these structures
into four groups, sketched in Figure 1: (i) shear-layer vor-
tices; (ii) a counter-rotating vortex pair (CVP); (iii) a horse-
shoe vortex; and (iv) wake vortices. The shear-layer vortices
are created by the periodic accumulation of circumferential
vorticity in the direction of the jet due to a Kelvin-Helmholtz
instability that is promoted by the inflectional velocity pro-
file of the jet (e.g. Megerian et al., 2007). The subsequent
interaction of these vortices with the main flow produces a
counter-rotating vortex pair roughly aligned with the jet tra-
jectory (e.g. Yuan et al., 1999; Lim et al., 2001; Cortelezzi
and Karagozian, 2001). The horseshoe vortex is created near
the wall upstream of the jet by the separation and subsequent
roll-up of the main-flow boundary layer in response to an ad-
verse pressure-gradient induced upstream of the jet (Kelso and
Smits, 1995). Vertically-aligned, counter-rotating wake vor-
tices in the rear of the jet span from the jet trajectory to the
wall in a manner similar to the vortex sheet behind a solid
cylinder. However, unlike a cylinder, freestream streamlines
close around the rear of the jet (Morton and Ibbetson, 1996),
producing a local adverse pressure-gradient region behind the
jet that causes separation of the main-flow boundary layer, and
the subsequent reorientation and entrainment of the separated
boundary-layer vorticity results in the wake vortices.

The flowfield produced by a transverse jet is evidently
strongly connected to the development of the main-flow
boundary layer and the jet shear-layer. Little attention has
been given, however, to the effect of the main-flow freestream
conditions, particularly the streamwise pressure gradients ap-
plied to the main flow. To address this question, a direct
numerical simulation (DNS) was performed of a jet that is
ejected transversely into an accelerated, laminar boundary
layer. A strongly-favorable streamwise pressure gradient was
imposed on the flat plate with the expectation that the resulting
freestream acceleration would stabilize the flat-plate boundary
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Figure 1. Schematic of vortical structures in the flowfield of
a transverse jet. Adapted from Karagozian (2010).

layer so that the structures resulting from the interaction of the
jet and main flows would be more organized and thus easier to
detect and study. The results provide insight on the transient
formation of the vortical flow structures that are created in
this scenario and how they are affected by a strongly-favorable
streamwise pressure gradient applied to the main flow.

NUMERICAL METHOD
The computational domain, shown in Figure 2, consists

of a main-flow sub-domain containing a flat, no-slip test sur-
face and a jet sub-domain comprised of a rectangular pipe.
The jet sub-domain has dimensions of D = 2.2 mm and a
wall-normal length of 10D, and the main-flow sub-domain
has streamwise and spanwise dimensions of 250D and 50D,
respectively. The wall-normal height of the main-flow sub-
domain at the leading edge is 114.5D. A uniform, time-
invariant velocity of 4 m/s parallel to the test surface and a
static pressure that remains fixed in an area-averaged sense are
specified at the inflow and outflow boundaries of the main-
flow sub-domain, respectively, and the sides and upper wall
are specified as free-slip walls. The level of freestream ac-
celeration is adjusted by sloping the upper wall towards the
test surface by 5.6◦. The centerline of the jet orifice is lo-
cated at the midspan of the test surface and 80D from the
test-surface leading edge. The sides of the jet sub-domain are
specified as no-slip walls to allow development of the bound-
ary layer within the jet. A spatially-uniform velocity of 35
m/s is applied at the inlet of the jet sub-domain for a duration
of t jet = 8.65 ms. Growth of the jet boundary layer along the
walls of the jet sub-domain accelerates the core flow in the
jet to a value of v jet = 44 m/s at the center of the jet orifice,
and the resulting jet velocity ratio is r = v jet/U0 = 9.78; the
reference velocity U0 = 4.5 m/s is defined as the freestream
velocity at a wall-normal height of 16D above the center of
the jet orifice when the jet is turned off.

A structured grid consisting of hexahedral finite volumes
was mapped to the test-surface and jet sub-domains described
above. The main-flow sub-domain is discretized with 345, 88,
and 197 nodes in the streamwise, wall-normal, and spanwise
directions, respectively. In the jet sub-domain, the directions
normal to the jet flow (x and z) are discretized with 60 nodes,
spaced to place at least 20 nodes in the jet boundary layer,
while the direction parallel to the jet flow is discretized with
88 nodes that are distributed to provide the highest spatial res-
olution near the jet orifice.

ANSYS CFX R© (Version 12), a commercial

Figure 2. Schematic of the computational domain. A mag-
nified view of the jet sub-domain is shown in the dashed box.

computational-fluid-dynamics software package, was
used to solve the incompressible form of the time-varying
mass- and momentum-conservation equations through a
finite-volume approach. Discretization of the governing
equations is based on central differencing and second-order
Euler backward differencing for the spatial and temporal
derivatives, respectively. To resolve the transient interac-
tion between the jet and the main-flow boundary layer, a
temporal resolution is chosen such that the jet flow takes
about 10 timesteps to penetrate a distance equivalent to the
displacement thickness of the main-flow boundary layer at
the jet orifice, resulting in a timestep size of ∆t = 7× 10−6

s. The discretized equations are converged through an
algebraic multigrid scheme within eight inner-loop iterations
per timestep, reducing the root-mean-square residual of the
governing equations by five orders of magnitude to less
than 10−6. Approximately 20,000 timesteps are required
for the laminar main-flow boundary layer to reach a steady
state, after which the vertical jet is impulsively turned on for
8.65 ms—which corresponds to 1236 timesteps—and then
impulsively turned off, and the simulation is then continued
for 6400 more timesteps.

RESULTS AND DISCUSSION
The distribution of the freestream velocity and acceler-

ation parameter in the main flow in the absence of the jet is
shown in Figure 3. The acceleration parameter, defined as
η = ν/U2

e dUe/dx, where Ue is the local boundary-layer edge
velocity, is observed to exceed the critical acceleration param-
eter range, beyond which a turbulent boundary layer will be-
gin to relaminarize (Escudier et al., 1998). It was expected
that by stabilizing the main-flow boundary layer to this ex-
tent, structures created through the interaction of the main-
flow with the jet would be more organized and their transient
development would occur more slowly and thus could be stud-
ied more precisely. Figure 3 also plots the steady boundary-
layer displacement thickness that was present along the length
of the test surface prior to activation of the jet. Downstream
of the jet, the displacement thickness remains approximately
constant, as the growth of the main-flow boundary layer is
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Figure 3. Streamwise distribution of acceleration parameter
(η), displacement thickness (δ ∗/D), and freestream velocity
(U/v jet ) in the main flow.

hindered by the strong freestream acceleration.
The jet velocity ratio in the present study is sufficiently

large that the jet flow ejected from the orifice has enough mo-
mentum to penetrate through the main-flow boundary layer
and into the freestream. Figure 4 illustrates the effect that
the jet has on the time-averaged main flow by plotting time-
averaged streamlines and pressure coefficient contours (de-
fined as Cp = p/0.5ρv2

jet ) at several wall-normal planes
within the main-flow boundary layer and freestream. At a
wall-normal height of y/D = 1.800, which is well into the
freestream, streamlines deflect around the sides of the jet and
then close tightly behind the rear of the jet, producing a non-
uniform pressure field as shown by the Cp contours. As this
non-uniform pressure field is projected onto the test surface, it
promotes the separation of the main-flow boundary layer. This
is clearly seen in the y/D = 0.023 plane; the points at which
the streamlines converge are the locations where the separated
boundary layer detaches from the wall and is entrained ver-
tically into the transverse-jet flow. The y/D = 0.167 plane
shows that further from the wall, the separated fluid joins
vertically-oriented vortices that originate near the upwind and
downwind corners of the jet orifice, termed “corner vortices”.
Further away from the wall, the y/D = 0.905 plane shows that
the upwind corner vortices begin to bend downwind due to the
increased momentum of the main flow. By the y/D = 1.800
plane, the downwind vortex pair appears to have merged with
the upwind pair. It is shown below, however, that the cor-
ner vortices have not actually merged but the downwind pair
undergoes a transient development that results in its apparent
disappearance from the time-averaged flowfield.

The development of vortical structures created through
the interaction of the jet and main flow during the initial tran-
sient development of the jet is shown in Figure 5 through
iso-contours of the second-invariant of the velocity-gradient
tensor normalized by v jet/D, denoted Q. The iso-contours
are shaded according to the wall-normal height to aid in dis-
tinguishing the relative heights of the various flow structures.
For brevity in this section, the acronyms defined in Figure 5
will be used to refer to the vortices. At τ = 1 a square vortex
loop (denoted VL) is ejected from the orifice and is convected
upwards at a speed of about half the jet velocity due to its
origin in the slower-moving fluid in the jet boundary-layer.

Figure 4. Wall-normal development of the jet flowfield,
shown through time-averaged streamlines and pressure coef-
ficient contours. The projection of the jet orifice is shown by
the black square.

The corners of the VL are turned upwards slightly due to the
velocities induced by the vorticity contained in the loop. By
τ = 4, narrow upright vortices are created at the corners of
the jet. These correspond to the upwind and downwind cor-
ner vortices (denoted UCV and DCV, respectively) observed
in Figure 4. The UCV and DCV are created through the ac-
cumulation of jet vorticity in the corners of the jet due to the
velocities induced on the jet by the VL and the non-uniform
pressure field surrounding the jet, as seen in Figure 4. The
velocity induced by the VL pushes the corner vortices into
the higher-momentum flow at the center of the jet so that by
τ = 6, the UCV and DCV have been convected above the VL.
Simultaneously, the UCV and DCV induce velocities on each
other that brings the DCV pair closer while driving the UCV
pair further apart. Since the vortex lines associated with these
vortices cannot end in the vorticity-free fluid, by τ = 9 the top
of the DCV pair are seen to connect to each other (as they
are in close proximity) while the UCV pair (which are further
apart) couple with the vorticity in the VL.

Discrete, approximately spanwise-oriented shear-layer
vortices (denoted SLV) become evident at τ = 9. These vor-
tices are created through a Kelvin-Helmholtz-like instability
of the jet shear layer, leading to periodic roll-up of the shear
layer into the discrete SLVs at a frequency (expressed as a
Strouhal number St = f D/v jet ) of St = 0.52− 0.57. At the
same time, the VL begins to tilt downwind due to the en-
hanced entrainment of slower-moving main-flow fluid on the
downwind side of the VL. At τ = 12, the velocity induced by
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Figure 5. Vortical structures observed in the transverse jet during its initial transient development. Iso-contours are of Q and are
shaded according to y/D.

the VL pulls the legs of the first-shed SLV upward through the
middle of the VL. Subsequently-shed SLVs are further away
from the VL and are not influenced to the same extent, so their
legs point downwards and connect to the upwind jet shear-
layer. The downwards-pointing shape is consistent with the
folding of the shear-layer vortices described by Kelso et al.
(1996) and others. At τ = 15, the top of the UCV, the legs of
the first SLV, and the downwind-tilted VL interact in a way
that breaks-down the VL so that at τ = 27 it is no longer visi-
ble. Simultaneously, the UCV is convected in the wall-normal
direction by the jet fluid and its cross-section increases as the
induced velocity field entrains main-flow fluid that is brought
into the rear of the jet by the adverse streamwise pressure
gradient set up behind the jet, as seen in Figure 4. As the
UCV stretches into the freestream, it is tilted downwind by the
main flow while still entraining main-flow fluid, becoming the
streamwise-oriented counter-rotating vortex pair (CVP) that
is a common feature of transverse jets and is responsible for
the majority of the mixing of the jet fluid with the main flow
(Haven and Kurosaka, 1997).

The continued development of the vortical structures in
the jet flowfield is shown in Figure 6, which plots iso-contours
of Q at a lower value in order to visualize the weaker struc-
tures downwind of the jet. The spatial location of the UCV re-
mains quite steady throughout the jet lifetime, while the DCV

appears to be highly unsteady. At τ = 30, a hairpin-like vor-
tex loop is created near the wall downwind of the jet. This
structure is created as follows: the velocity field induced by
the DCV (labeled 1) causes the spanwise-oriented vorticity
that is constantly being ejected from the downwind side of
the orifice to be re-oriented in the streamwise direction. The
reoriented vorticity then induces a velocity on the DCV that
draws the bottoms of its right and left legs nearer to the ori-
fice and to each other. Eventually, the legs of the DCV are
brought close enough that they merge and form a hairpin-like
vortex loop with legs pointing in the downwind direction. The
bending of the legs of the DCV is visible at τ = 30, the cou-
pling of the legs of the DCV can be seen at τ = 60, and the
growth and movement of the resulting vortex loop is seen at
τ = 90. The vortex loop remains embedded in the main-flow
boundary layer and grows laterally and longitudinally as it
convects downwind. At τ = 90, a second DCV (labeled 2)
is seen forming from the vorticity that is being ejected from
the jet and from the vorticity of the main-flow boundary layer
behind the jet as it separates from the wall under the influence
of the adverse pressure gradient. As the second-generation
DCV grows, it undergoes the same process to produce a sec-
ond hairpin-like vortex loop, which is visible in the near-wall
region slightly upwind of the previously-created structure at
τ = 120. The creation of the DCV and its subsequent evolu-
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Figure 6. Vortical structures observed in the transverse jet. Iso-contours are of Q and are shaded according to y/D.

tion to form a hairpin-like structure repeats periodically until
the fourth generation, after which the jet duration has com-
pleted and the jet flow turns off.

Figure 6 at τ = 60 shows that after the hairpin-like struc-
ture is created from the near-wall portion of the DCV, the two
segments of the DCV that are located further away from the
wall connect to each other. As it does so, the DCV entrains
main-flow fluid that is moving upwards in the rear of the jet.
Since the top of the DCV is still connected to the downwind
side of the jet shear layer, entrainment of vertically-moving
fluid causes the now-connected legs of the DCV to rotate up-
wards, producing elongated structures angled at about 45◦ to
the vertical. This angle decreases (i.e. the structures become
more horizontal) as the structures entrain more of the main-
flow fluid while convecting away from the wall. As each gen-
eration of DCV breaks down to produce a hairpin-like vortex
loop in the main-flow boundary layer, the process yielding the
elongated, downwards-pointing vortices also repeats. The la-
bels in Figure 6 distinguish the third- and fourth-generation
structures as they are created and convected upwards in the
rear of the jet.

At τ = 172, a DCV pair (labeled 4) is seen to begin
to break down into a hairpin-like structure. Just above that,
the structure labeled 4∗ is a DCV that did not break-up into
a hairpin-like structure but remained as a single vortex with
a roughly-vertical alignment. The further evolution of this
structure in time cannot be studied because the jet flow was

turned off shortly after τ = 172, but the structure appears sim-
ilar to the upright wake vortices that are commonly observed
in the wakes of transverse jets but are absent in the current
study. Fric and Roshko (1994) attribute wake vortices to the
entrainment and reorientation of boundary-layer vorticity af-
ter the main-flow separates from the wall downwind of the jet
due to the local adverse pressure-gradient, which is similar to
the explanation given above for the creation of the hairpin-
like structures and downwards-pointing vortices observed in
the current study. This suggests that the mechanism for the
creation of wake vortices is present in the current study but
the conditions are not suitable for full-sized wake vortices to
be created. Again, Fric and Roshko (1994) observed that the
shedding of wake vortices is most distinct at a velocity ratio
of r = 4; below this ratio, the jet is too close to the main-flow
boundary layer and the wake vortices get mixed with other
structures, while above this ratio the jet is more upright and
entrainment of the separated main-flow vorticity is more dif-
ficult. These observations suggest that the absence of wake
vortices in the current study may be partially due to the rela-
tively high velocity ratio (r = 9.78), but the favorable stream-
wise pressure-gradient applied to the main flow is probably
the dominant factor. Freestream acceleration not only sta-
bilizes the vortical structures ejected from the jet but it also
delays the separation of the main-flow boundary layer at the
rear of the jet. By weakening separation, the flow conditions
may no longer favor the creation of full-size wake vortices,
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and instead produce the observed hairpin-like vortex loops in
the main-flow boundary layer and the elongated, downwards-
pointing vortices in the freestream.

Once the jet stops ejecting vorticity, the vortical struc-
tures in the freestream are swept downwind and interact with
each other and the main flow such that they dissipate quite
rapidly. The hairpin-like vortex loops created in the main-
flow boundary layer are stabilized by the favorable stream-
wise pressure gradient and thus remain embedded in the main-
flow boundary layer and convect downstream at a fraction
of the boundary-layer edge velocity. The mutual interaction
and break-down of these structures into a region of locally-
turbulent flow—which appears quantitatively similar to a tur-
bulent spot—is the subject of a subsequent study.

CONCLUSIONS
Direct numerical simulation was used to study the flow-

field created by a square jet ejected transversely through a
laminar, accelerating main flow. A jet with a velocity ratio
of r = 9.78 was impulsively ejected for a duration equivalent
to the time required for the jet fluid to travel 173 jet widths. A
strongly-favorable streamwise pressure gradient was applied
to the main flow to understand the effect of freestream ac-
celeration on the coherent flow structures created in the jet
flowfield. Vorticity at the upwind and downwind corners of
the jet forms two pairs of vortices. The pair originating in the
upwind corners are fed primarily by main-flow fluid entrained
from the sides and rear of the jet. This pair remains relatively
steady and eventually forms the counter-rotating vortex pair
in the freestream above the test surface. The vortex pair orig-
inating in the downwind corners of the jet is fed primarily by
vorticity that is reoriented and entrained from the main-flow
boundary layer as it separates downwind of the jet in response
to the local adverse pressure gradient. This pair is highly un-
steady and its induced velocity field leads to an instability that
produces hairpin-like vortex loops in the main-flow boundary
layer downwind of the jet and highly-elongated, downwards-
oriented vortices in the freestream. The development of these
flow structures, rather than the upright vortices typically ob-
served in the wakes of transverse jets, is attributed to the sta-
bilization of the main-flow boundary layer by the favorable
streamwise pressure gradient, and the reduction in the local
adverse pressure gradient prevailing in the wake of the jet,
thus altering the local separation of the main-flow boundary
layer from the test surface.
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