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Abstract

The jet in cross-flow (JICF) is a commonly studied flow in
the context of boundary layer control. Particularly, pitched
and skewed jets has potential for flow separation control. In
this study, both the perpendicular and the pitched and skewed
jets were considered to highlight the different flow structures.
The formation of the vortical ‘shell’ was clearly seen in a low
velocity-ratio perpendicular JICF, while no such structure was
observed in the pitched and skewed case. Instantaneous and
time-averaged flow field were analysed in this paper.

Introduction

A steady jet acting perpendicular to a turbulent boundary layer
is frequently encountered in many engineering applications
with applications ranging from the flow of pollutants issuing
from smokestacks, to V/STOL aeroplanes. Our interest in the
jet in cross-flow (JICF) was driven by its potential application in
boundary layer control devices, where jets can be used to pro-
duce streamwise vortices, similar to solid vortex generating de-
vices. Vortex generating vanes are often seen utilised on modern
airliner wings to delay flow separation [1, 2]. Corkscrew vor-
tices generated by these vanes advect downstream, parallel to
the wall, mixing and transporting freestream momentum across
the boundary layer, which in turn energises the near-wall flow.
These solid vortex generating devices are useful under high-lift
flow conditions (e.g., aircraft take-off and landing). However,
they generate unwanted parasitic drag during level cruise and
are therefore poorly suited to active control. Instead, vortex
generating jets (VGJ) can be used to generate similar stream-
wise structures while they can be pulsed (and also pitched and
skewed), or varied in velocity according to requirement.

The main parameters governing the behaviour of these jets are
the pitch (φ) and skew (θ) angles, and the velocity ratio (VR) be-
tween the jet and the free-stream. Typical investigations range
from VR = 0.5 to VR = 10, with orifice diameters of the order
of the boundary-layer thickness [3–6]. High velocity ratio jets
(VR ≥ 2) have been extensively studied. It was found that the
centreline jet trajectory projects away from the wall, penetrating
the boundary layer. Shear forces fold the spanwise faces over
themselves to form a counter-rotating vortex pair (CVP). The
near-wall flow behind the jet is unsteady, and are similar to that
produced by a solid cylindrical obstruction.

On the other hand, the low VR configuration (VR < 2.0) has
received limited attention, and there appear to be no numeri-
cal investigations. The jet centreline remains closer to the wall,
well within the boundary layer [4], too close to produce well-
defined wake structures. At lower velocity ratios, the wake re-
gion of the jet is fundamentally different. Gopalan et al. [7]
found that a semi-cylindrical vortical region forms behind the
jet, enclosing a region with slow reverse flow originating from
the jet shear-layer at VR = 1.

A pitched and skewed jet has attracted particular interest due

to the boundary layer separation control application. Johnston
[8] found that, compared to a trailing vortex pair from a per-
pendicular jet, a dominant vortex from a pitched and skewed jet
interaction is much stronger and appears to provide much more
effective momentum transfer across the wall boundary layer.
Compton and Johnston [9] reported that a jet pitched by 45◦ and
skewed by 90◦ tends to form a dominant, ‘single’ vortex, rather
than a CVP. This configuration was first derived by Wallis [10].
Rixon and Johari [11] argued that the pitched and skewed jet
creates a counter-rotating vortex pair near the orifice exit, one
of which being significantly stronger than the other. Zhang and
Collins [12] observed that the weaker secondary vortex dissi-
pated within 10D (where D is the orifice diameter). Low ve-
locity ratios were used in Compton and Johnston [9] (VR≤ 1.3)
and Zhang and Collins [12] (0.5≤VR≤ 1.5) while the jets used
by Rixon and Johari [11] crossed the velocity ratio threshold at
1 ≤ VR ≤ 3. The formation of the vortex shell seen in the per-
pendicular cases was not observed. The main objectives of this
study is to investigate the flow structures associate with a low
VR, pitched and skewed JICF numerically.

Numerical Method

Results presented in this paper have been computed using a
second-order finite volume code [13, 14]. The convective terms
were modelled using a third order Runge-Kutta method, and the
diffusive terms using Crank-Nicolson method. A fractional-step
time-advancement was used and a dynamic subgrid-scale model
was applied to calculate the Smagorinsky constant. Length
scales were non-dimensionalised with respect to δ∗inlt , veloci-
ties with respect to U∞; Reδ∗ = U∞δ∗/ν = 2000 at the inlet,
where ν is the kinematic viscosity. The simulation domain had
dimensions 128δ∗× 32δ∗× 4πδ∗ in streamwise (x), wall nor-
mal (y) and spanwise (z) directions. Grid resolutions were
200× 60× 96 points, yielding ∆x+ = 59, ∆y+wall ≈ 1.2, and
∆z+ = 18, uniform in x and z, and applying hyperbolic tangent
stretching in the wall-normal direction. Reθ ≈ 1500 at the in-
let, Reθ ≈ 1950 at the domain exit. Inlet boundary conditions
were provided by a precursor simulation based on a variant of
the Lund et al. [15] formulation. More details are described
in [16]. Upper boundary conditions were u = U∞, ∂v/∂y = 0,
∂w/∂y = 0, the spanwise domain boundary was periodic, and
the exit plane used a convective boundary condition.

Perpendicular Jet

The VR = 1 perpendicular jet was located on the spanwise
centreline, x jet = 48δ∗(≈ 6δ) downstream of the domain in-
let, (37.5% of the streamwise domain length, corresponding to
Reθ ≈ 1650 in the flat plate case), with a circular orifice of di-
ameter D = 4δ∗(≈ 0.5δ). The grid resolution of the jet cor-
responding with the existing rectilinear grid described above,
yielding 6×31 nodes across the jet. The jet velocity profile was
provided by a hyperbolic tangent function taken from Chung



et al. [17].

u jet =
1
2

[
1+ tanh

(
0.5−|x|/D

2θ jet

)]
, (1)

Where |x| represents position across the jet from the jet cen-
treline, θ jet representing the momentum thickness of the jet in-
flow, where the ratio of momentum thickness to the jet diameter;
D/θ jet = 20.

Figure 1 illustrates the formation of this vortical ‘shell’ for a
low velocity-ratio perpendicular JICF. It occurs because the up-
stream and downstream edges of the jet experience different
conditions as the jet emerges form the orifice. Essentially the
rear, downstream face of the jet is shielded from the free-stream
by the jet itself, while the upstream face is exposed directly to
the crossflow. The sides experience the fastest streamwise flow,
due to the ‘blockage’ caused by the jet - in much the same way
as the high VR cases. At low velocity ratios, the vorticity at
the leading face of the jet is dissipated by the boundary layer.
The jet vortex ring is stretched along the rear face, which subse-
quently ‘peels over’ to enclose the region of slow-moving fluid,
leading to the semi-cylindrical shell behind the jet. Meyer et al.
[18] also investigated a VR = 1.3 perpendicular jet, and argued
that the vortical shell layer in actual fact contains a steady pair
of rotationally opposed tornado-like vortices. This is funda-
mentally different from the high VR case, where the higher jet
momentum at the leading edge is strong enough to overcome
dissipation, and allows the jet column to coherently bend away
from the wall. In this case, the jet vorticity (although distorted),
remains confined to the jet forming the counter-rotating vortex
pair.

Figure 2 shows the mean velocity magnitude (
√
(U2 +V 2)) and

streamlines at spanwise (z) jet centreline. There is a region of
weak reverse-flow behind the jet, persisting until x/D = 3 (see
also Figure 3). Clearly a strong shear-layer persists along the
rear face of the jet, but along the leading edge, the mean shear
diminishes quickly, vanishing by x/D ≈ 1 (slightly lower than
in the experimental case).

Figure 3 shows an xz velocity contour plot and streamlines for
the time-averaged

√
(U2 +W 2) at a wall normal distance of

Figure 1: Illustration of the mechanism behind the formation
of the semi-cylindrical vortical layer behind the jet at low VR
perpendicular JICF (based on Gopalan et al. [7]).

Figure 2: Mean velocity
√

(U2 +V 2) contour plots and stream-
lines at the jet centreline.

Figure 3: Mean velocity
√

(U2 +W 2) contour plots and
streamlines at y/D = 0.6.

y/D = 0.6. Again, there is agreement with the experimental
results, with a region of reversed flow extending up to x/D ≈
2.0. Meyer et al. [18] argued that this vortical shell layer in
actual fact contains a steady pair of tornado-like vortices, and
the reverse-flow streamlines in our plot seem to support this.

Time-averaged contour fields of a VR = 1 perpendicular jet
compared well with the experimental work of Gopalan et al.
[7]. Please note that their experimental data was produced using
PIV at Reθ ≈ 6100 and D≈ 0.35δ. Despite these differences in
Re number and orifice size, the figures demonstrate good agree-
ment between our numerical results and the experimental data.

Pitched and Skewed Jet

Here, we present the pitched and skewed case. It is worth noting
that despite the perpendicular case demonstrating signs of the
formation of a vortex ‘shell’ behind the jet, (containing weak
reverse flow), no mention has been made of this being the case
in the pitched and skewed configuration. Indeed authors usually
describe the formation of a single, coherent streamwise vortex,
even in the low VR cases. It is instructive to compare Figure 4a
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Figure 4: Mean velocity
√

(U2 +V 2) contour plot and stream-
lines for the pitched and skewed case. (a) at the jet centreline,
and (b) at an offset of z = 0.6D.

with Figure 2. There seems to be reasonable qualitative agree-
ment between the two cases in terms of the diminished velocity
at the leading edge of the jets, however the wake of the jet does
not show any signs of the reverse-flow shown in the perpen-
dicular JICF case. An offset velocity contour plot, placed at
z = 0.6D in the ’core’ of the wake of the pitched and skewed
jet, is presented in Figure 4b. When compared with figure 4a,
it becomes clear that there appears to be no indication of the
reverse flow seen in the perpendicular case.

A vorticity contour plot of mean ωz at the jet centreline (not
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Figure 5: Mean velocity
√

(U2 +W 2) contour plots and
streamlines at y/D = 0.6.

shown here) shows diminished positive vorticity at the lead-
ing edge, and stronger negative vorticity at the trailing edge
of the jet, indicating vorticity dissipation at the leading edge.
The pitch and skew of the jet makes it difficult to capture the
wake region in this centreline plot, but it is worth noting that
the pitched and skewed wake appears to sit closer to the wall
than in the perpendicular case.

Figure 5 shows a velocity contour plot and streamlines for mean√
(U2 +W 2) in the xz plane at y/D = 0.6, which should be

compared to Figure 3. Please note the z axis offset for the
pitched and skewed case. Despite the perpendicular jet show-
ing signs of weak reversed u velocity at a number of stations in
the jet’s wake, the pitched and skewed case merely indicates a
reduction in centreline velocity. We can see evidence of the for-
mation of a vortex shell with a region of weak reverse u velocity
in the perpendicular jet case, with two spatially separated shear-
layers within this shell. The pitched and skewed case however
seems to indicate some slowing of the u velocity centreline, but
no reverse flow. Furthermore, there appears to be evidence of
just one streamwise rotating structure behind the jet.

Earlier we had mentioned that authors studying these pitched
and skewed low VR jets had made no mention of the ‘shell’
structure seen in the perpendicular cases. Our results appear to
support this, we can see no region of reversed flow, and the re-
sults appear to show signs of the formation of a coherent stream-
wise vortex, consistent with the experimental observations of
Rixon and Johari [11] and Compton and Johnston [9]. Figure 6
highlights this, the velocity streamlines seeded from a position
8δ upstream, at a height of 0.15δ, the grey shadow indicating
the path of the jet. In Figure 6a there is clear low-speed circu-
lation behind the jet, while in Figure 6b, the streamlines wind
neatly around a single coherent vortex.

Our validation results demonstrate reasonable agreement with
the PIV results of Gopalan et al. [7], and provide a good foun-
dation for the pitched and skewed model. Existing literature
on low VR pitched and skewed JICF makes no mention of the
vortical shell apparent in the perpendicular case, and this is sup-
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Figure 6: 3D velocity streamlines: (a) perpendicular JICF; (b)
pitched and skewed JICF.

ported by our results.

Summary

The purpose of this work was to investigate the flow structures
associated with low VR pitched and skewed jets in crossflow,
in order to understand the underlying mechanism for flow sep-
aration control. Two simulations were performed: perpendicu-
lar JICF, and pitched and skewed JICF. The low velocity ratio
(VR < 2), perpendicular JICF results gave good agreement with
the available experimental data Gopalan et al. [7], demonstrat-
ing the accuracy of the numerical methods used. It was found
that weak streamwise reverse-flow immediately behind the jet
forms a vorticity ‘shell’ layer. On the other hand, pitched and
skewed jet case results indicated no sign of such a vortical shell,
consistent with the literature. To the best of authors’ knowledge,
this is one of the first published numerical simulations of a low
VR pitched and skewed jet in cross-flow. These results will be
further analysed to understand their role in separation delay ap-
plications. The present work on a flat-plate boundary layer can
be extended to separated boundary layer in order to directly in-
vestigate separation control using these jets [19].

*
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