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ABSTRACT

A large-eddy simulation of a velocity-ratio (VR = 1.0),
pitched and skewed vortex generating jet issuing into a turbu-
lent boundary layer (Reg- = 2000) is presented. As the jet is-
sues from the orifice, an asymmetrical counter-rotating vortex
pair is produced, consisting of a strong primary vortex and a
weaker secondary vortex. The secondary vortex quickly dissi-
pates to leave the primary vortex, which persists farther down-
stream. The primary vortex replaces the near-wall region with
higher momentum fluid, and is shown to be associated with
improved skin friction downstream of the jet. This increase in
skin friction has been previously shown to be associated with
improved resistance to boundary-layer separation.

INTRODUCTION

The flow-field associated with a steady jet issuing per-
pendicular to a flat plate turbulent boundary layer (TBL) is
a ‘kernel’ fluid dynamics configuration. A parameter often
used to characterise a jet in cross flow (JICF) is the veloc-
ity ratio, VR =U j/ U, the ratio between the average veloc-
ity of the steady jet (U;) and the free-stream (Us). Another
useful parameter is the relationship between the jet diame-
ter and the boundary-layer thickness (D/8). Our interest in
the JICF stems from its potential application in boundary-
layer flow separation control (in this context, they are usu-
ally described as vortex generating jets (VGJs)). These de-
vices produce streamwise ‘corkscrew’ vortices, which trans-
port fluid from the high-momentum free-stream into the low-
momentum near-wall region. For flow separation control,
it is desirable to enhance momentum within the TBL, since
an energised boundary layer is less prone to flow separation
(Johnston (1999)). Many of the previous perpendicular jet in-
vestigations have been concerned with the behaviour of high
velocity-ratio jets (typically VR > 2, e.g., Yuan et al. (1999))

or with jets much larger than the boundary layer thickness
(e.g., Andreopoulos & Rodi (1984)). High velocity-ratio per-
pendicular jets have a tendency to project away from the wall,
through the boundary-layer and into the free-stream and they
are not particularly useful for separation control applications.

Early work by Wallis (1960) indicated that a pitched and
skewed jet configuration has a far more favourable effect on
flow separation than a perpendicular jet. His aerofoil experi-
ments set a precedent of pitching the jet by = 45° and skew-
ing it by a = 90° relative to the boundary layer. The experi-
mental work of Johnston and his colleagues (Johnston & Nishi
(1990); Compton & Johnston (1992); Johnston (1999); Khan
& Johnston (2000)) explained more about the structure of the
pitched and skewed jet. It is well known that perpendicular
jets produce a symmetrical counter-rotating vortex pair, con-
sisting of two equally sized vortices (Margason (1993); Fric &
Roshko (1994)). Khan & Johnston (2000) established that a
pitched and skewed jet initially forms an asymmetric counter-
rotating vortex pair (CVP) comprised of a stronger primary
vortex, and a weaker secondary vortex, which quickly dissi-
pates. It is believed that the increased residual momentum
in the primary vortex causes it to persist farther downstream,
and is key to the pitched and skewed jet’s improved ability
to delay flow separation compared to the perpendicular jet
case. The recent VGJ research, AeroMEMS II project (War-
sop (2004, 2006)), has focused on pitched and skewed pul-
sating jets, which have been shown to be even more effective
for boundary-layer flow separation control (Godard & Stanis-
las (2006b); Warsop & Hucker (2007); Laval er al. (2010)).
Both experimental and numerical work (Godard & Stanislas
(2006a); Godard et al. (2006); Godard & Stanislas (2006b);
Laval er al. (2010)) has made a significant contribution to
the parameterisation of the effect of various configurations of
steady and pulsating VGJ on flow separation. However, whilst
the parameterisation has been exhaustive, there still remain



gaps in our understanding of the evolution of these pitched and
skewed VGJs. So far, the best description of the near-field has
been produced by Zhang & Collins (1997), however the intrin-
sic limitations of experimental measurement techniques have
meant that some key structures have been inferred rather than
fully described, and other structures have been overlooked.

In this paper we explore in detail the near-field evolution
of structures in the pitched and skewed jet configuration; a
steady jet with the pitch angle 8 = 45° and the skew angle
o =90° is considered. This work is an extension of our pre-
vious work on TBL simulation (Jewkes et al. (2011)), where
a variant of the Lund ez al. (1998) inflow generation method
was developed and validated well against DNS data.

While early VGJ research has mainly been conducted ex-
perimentally, computer simulations have recently also been
utilised. As noted by Johnston (1999), initial attempts at CFD
simulations of VGJs (e.g., Henry & Pearcey (1994)), were
performed using Reynolds-Averaged Navier-Stokes solvers,
and near-field agreement with experimental data was gener-
ally poor. More recently, large-eddy simulation (LES) and
direct numerical simulation (DNS) have enabled researchers
to resolve instantaneous structures, and produce simulations
that demonstrate excellent agreement with experimental data
(e.g., Yuan et al. (1999); Muppidi & Mahesh (2007); Selent
& Rist (2010); Laval er al. (2010)). Despite the technologi-
cal advancements, TBL separation control simulations remain
problematic. In LES and DNS, downstream flow is particu-
larly sensitive to the inlet boundary condition, and with TBLs
it is essential to provide a realistic, coherent series of instan-
taneous, time-varying velocity components to avoid spurious,
non-physical behavior (Jewkes et al. (2011)). This issue has
often been circumvented by performing simulations of a jet
interacting with a laminar boundary layer (e.g., Yuan et al.
(1999); Muppidi & Mahesh (2007); Selent & Rist (2010)).
However, this is an undesirable assumption in the context of
flow separation control since the mechanism of these devices
relies on increasing the turbulence in the boundary layer it-
self. The parameterisation work of Laval et al. (2010) rep-
resents perhaps the most sophisticated and accurate series of
separation control simulations to date. Their approach was
to use a turbulent channel flow based model that included a
wall-mounted hump.

Numerical Formulation

Results have been computed using a second-order finite-
volume large eddy simulation code (Chung (2005); Chung
& Talha (2011); Jewkes et al. (2011)). The convective
terms were modelled using a third order Runge-Kutta method,
and the diffusive terms using a Crank-Nicolson method. A
fractional-step time-advancement was used and a dynamic
subgrid-scale model was applied to calculate the Smagorin-
sky constant. Length scales were non-dimensionalised with
respect to the inlet displacement thickness, J;,;,, and veloci-
ties with respect to the free-stream velocity, U... The result-
ing Re number is defined as Reg« = @ = 2000 at the inlet,
where Vv is the kinematic viscosity. The simulation domain
had dimensions 1288* x 326" x 470* in streamwise (x), wall
normal (y) and spanwise (z) directions. Grid resolutions were
200 x 60 x 96 points, yielding Ax™ = 59, Ay;fa” ~ 1.2, and
Az" = 18, uniform in x and z, and applying hyperbolic tan-

gent stretching in the wall-normal direction. Inlet boundary
conditions were provided by a precursor simulation based on
a variant of the Lund er al. (1998) formulation, as described
in Jewkes et al. (2011). Upper boundary conditions were
U = U, % =0, ‘3—‘;’ = 0, the spanwise domain boundary was
periodic, and the exit plane used a convective boundary con-
dition. Further details can be found in Jewkes et al. (2011).
The origin of our coordinate system was located at the
centre of the jet orifice. The VR =1 jet was located on the
spanwise centreline, x jo; = 488 ~ 66 downstream of the do-
main inlet, (37.5% of the streamwise domain length, corre-
sponding to Reg ~ 1650 in the flat plate case), with a circu-
lar orifice of diameter D = 46* =~ 0.58. This configuration
compares well with many of the existing separation control
oriented VGJ studies. Jet velocity boundary conditions were
applied at the wall, the profile provided by a hyperbolic tan-
gent function (Chung et al. (2002)). It is worth noting that
detailed information on the jet profile is not usually available
in experiments. The effect of the jet profile on the early jet
development can be found in Kim & Choi (2009).

Results and Discussion

First, an LES of a TBL without a jet was performed for
Res« = 2000, and the results were compared with available
DNS (Spalart (1988)) and LES (Lund ez al. (1998)) data at
similar Re numbers. The mean velocity and rms velocity fluc-
tuation profiles showed very good agreement, demonstrating
that our inflow generation method (Jewkes er al. (2011)) is
effective in this type of TBL study.
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Figure 1. Sketch illustrating key structures in the VR = 1
pitched (B = 45°) and skewed (o = 90°) jet flow-field.

Next, a pitched and skewed jet case is considered. The
jet velocity boundary condition was modified, such that the
jet was pitched by B = 45° to the wall, and then skewed by
o = 90° relative to the free-stream. This pitch and skew
configuration dates back to the early experimental work of
Wallis (1960), and is consistent with later work (Johnston &
Nishi (1990); Compton & Johnston (1992); Zhang & Collins
(1997)). Among others, the experimental work of Zhang &
Collins (1997) is particularly interesting, being broadly sim-
ilar in configuration to our model, and being one of the few
papers concerned specifically with the evolution of structures
in the near-field. Comparisons are made between the present
results and Zhang & Collins (1997).



Figure 1 shows an illustration of the configuration of our
low-VR pitched and skewed jet flow-field. Key structures ob-
servable in our data include the primary and secondary vor-
tices, recirculating near-wall regions, and a counter-rotating
vortex pair (CVP) bifurcation line at the wall.

@) ()

Figure 2. The VR = 1 pitched (8 = 45°) and skewed (@ =
90°) jet. a) xy view. (The flow direction is from left to right);
b) yz view. (The flow direction is out of the paper).

Figure 2 shows 3D views of the time-averaged structures
near the jet, in the z and x axes respectively. Red velocity
streamlines are seeded from a line placed just in front of the
jet (y/D = 0.6, x/D = —1), blue velocity streamlines issue
from the jet orifice, the isosurface represents a vorticity mag-
nitude of |@| = 0.5. The largest and most recognisable struc-
ture within the pitched and skewed jet flow-field is the primary
vortex. Figure 2 shows upstream boundary-layer fluid passing
over the jet near the jet exit, and sweeping underneath into the
primary vortex; it indicates how the slow-moving near-wall
boundary layer fluid downstream of the jet is replaced with
fluid from outer, higher momentum regions of the boundary
layer.

Figure 3 shows normalised (v,w) velocity vectors
(coloured by velocity magnitude) in yz planes to give a
clearer impression of the near-field rotation induced by the
jet. Counter-rotating vortices are clearly seen at x/D = 1; the
primary vortex is located further away from the wall, com-
pared to the secondary vortex. The development of a counter-
rotating vortex pair (CVP) is well documented for the high VR
perpendicular jet configuration (e.g., Fric & Roshko (1994)),
the CVP comprising of two equally sized vortices which ad-
vect downstream; the evolution of the pitched and skewed
case bears some similarity. Moving downstream to x/D = 2,
the CVP origins of the primary vortex are still clearly seen in
Figure 3b; the primary vortex located atz/D = 0.4, y/D =0.5,
and a weaker secondary vortex located at z/D = 1.4, y/D =
0.3, this is consistent with the positive and negative regions of
vorticity (not shown here). These vortices move in the positive
spanwise direction as they travel further downstream. The pri-
mary vortex moves also away from the wall as it travels down-
stream, while no such wall normal movement is observed in
the secondary vortex. An ejection of low momentum fluid
is observed between the two vortices while a sweep of the
high momentum fluid occurs on the opposite sides of the vor-
tices. The secondary vortex is dissipated further downstream
at x/D = 4, and only the primary vortex remains in Figure 3c.
The vorticity plot (not shown here) shows a region of strong
vorticity at the centre of the vortex(z/D = 0.7, y/D = 0.7).
This single counter-clockwise streamwise vortex moves fluid
away from the wall at z/D = 1, and toward the wall at z/D =0,
resulting in a thickening of the near-wall boundary layer on
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Figure 3. Normalised vector plot of time-averaged (v, w) ve-
locity in yz planes. Vectors are coloured by velocity magni-
tude. a) x/D =1, b) x/D =2, ¢) x/D = 4. Velocity fields
are interpolated into a uniform grid to improve the clarity of
vector plot.

the upwash side of the vortex, and a thinning on the down-
wash side.

Figure 4 shows the development of u velocity in the near-
field downstream of the jet. In Figure 4a, located just down-
stream of the jet orifice (x/D = 1), boundary layer thinning is
clearly seen at around z/D = —0.3 and z/D = 1.2 due to the
sweeping of the primary and the secondary vortices. A thick-
ening of the boundary layer is observed in between; Cr has a
local minimum at z/D = 0.4. There are lobes of low velocity
located at x/D = 0.25,y/D = 0.5 and x/D =0.75,y/D = 0.5,
near the centres of the counter-rotating vortices shown in Fig-
ure 3. Figures 4b and 4c show that this streamwise momen-
tum deficit decreases as the vortices move downstream while
its location is convecting in the positive spanwise direction.
As suggested by Khan & Johnston (2000), a streamwise ve-
locity deficit in this region is a result of the movement of low-
speed boundary-layer fluid into the core. In Figure 4c, it is
clearly seen that the single streamwise vortex affects the TBL
significantly at x/D = 4; the boundary layer thickens around
z/D = 1, and thins around z/D = 0.

As the near-wall flow resolves itself between the counter-
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Figure 4. yz planes showing time-averaged u velocity; a)
x/D=1,b)x/D=2,¢c)x/D=4.

rotating vortex pair, a bifurcation line lies between the two
vortices. Normalised vector plot in x — z plane shown in Fig-
ure 5 highlights this bifurcation line. The bifurcation line was
first observed in surface oil-flow visualisations by Zhang &
Collins (1997). The region between z/D = —0.7 to z/D = 0.7
further downstream of the jet shows the boundary-layer flow
being swept in a spanwise direction into the primary vortex.

Figure 6a shows time-averaged u velocity profiles at sev-
eral z locations across the x/D = 4 plane (and also shown is
the original flat-plate TBL velocity profile from Jewkes et al.
(2011)). It is found that the downwash side of the vortex
(z/D = 0) has fuller streamwise velocity profiles than upwash
side of the vortex (z/D = 1). The skin friction (C 'r) plot in
Figure 6 shows that this leads to increased wall shear-stress
on the downwash side of the vortex for x/D > 0.5, relative to
an unperturbed flat-plate TBL. Initially, skin friction is strong
atz/D = —0.5, =2 <x/D < 3, and at z/D = 1 (representing
the acceleration of near-wall flow around the blockage of the
jet) . For 3 < x/D < 8, z/D = 0 shows high skin friction, mov-
ingtoz/D=0.5for8 <x/D < 12,andz/D =1 forx/D > 12.
The effect of vortical structures on the wall shear stress is ob-
served to track the spanwise advection of the primary vortex,
and increased Cy persists far downstream. This increase in
skin friction lies at the heart of the VGJ’s ability to delay stall
and separation Laval er al. (2010).

Figure 7a shows the streamwise u velocity. The flow im-
mediately downstream of the jet is characterised by a near-
wall region of recirculating flow. Figure 7a clearly shows that
this negative u velocity lies in the near-wall, starting at the side
of the jet (x/D = —0.5, z/D = 0.4), moving round the back of
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Figure 5. Normalised vector plot of time-averaged (u,w) ve-
locity in xz planes. Vectors are coloured by magnitude. a)
y/D =0 (wall), b) y/D =0.3.

the jet tox/D = 0.5, z/D = 0.5, and extending downstream to
x/D = 1. The velocity vector plot (Figure 5) shows that within
this region there is reverse-flow that appears to sweep from the
negative z side of the jet to the positive, recirculating immedi-
ately behind the jet column. Again, Figure 5b shows that this
recirculation extends at least y/D = 0.1 away from the wall,
and Figure 7b (a yz plane, located immediately downstream
of the jet orifice, x/D = 0.5) indicates that it may in fact reach
y/D = 0.2. Time-averaged skin friction (Figure 6b) shows
that there is again a very clear region of negative skin friction
downstream of the jet at z/D = 0.5. This recirculation is not
shown by Zhang & Collins (1997)’s oil-flow plots. However,
his velocity vectors (at y/D = 0.07) show a ‘spiral point’ at
approximately x/D = 1, which can be seen in Figure 5a. This
‘spiral’ point corresponds with the recirculating region resolv-
ing itself into the counter-rotating vortex pair bifurcation line.

There is a similar region of recirculating flow upstream
of the jet. Figure 5a indicates that another recirculating region
is located upstream of the jet. The u velocity plot (Figure 7a)
shows that reverse-flow extends from z/D =0to z/D =1 in
the spanwise direction, and as far as x/D = —0.9 upstream
of the jet. The vectors in Figure 5a show that within this re-
gion (z/D = 0.2 to z/D = 0.8), the flow is oriented upstream
in the positive z direction. Figure 5b shows that this upstream
recirculation extends at least y/D = 0.1 away from the wall,
and Figure 8a (located at the upstream edge of the jet orifice,
x/D = —0.5) indicates that it may reach y/D = 0.2. In Fig-
ure 6b, there is a very clear region of negative skin friction
upstream (at z/D = 0.5) of the jet.
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Figure 6. a) Time-averaged u velocity profiles across the
wake of the jet, at x/D = 4, b) Skin friction, C f along the
X axis.

Zhang & Collins (1997) provided surface oil-flow plots
which indicate similar behaviour, however their LDA mea-
surements made at y/D = 0.07 showed no evidence of reverse-
flow, which led him to infer that it is confined to a region very
close to the wall. Our data confirms this hypothesis, and we
would argue that the weak reverse-flow in fact represents near-
wall stagnation caused by the blockage of the jet.

Conclusions

These results represent the first LES pitched and skewed
VGIJ simulations to utilise an accurate boundary layer model
(provided by Jewkes et al. (2011)). As the jet issues from the
orifice, an asymmetrical counter-rotating vortex pair is pro-
duced, consisting of a strong primary vortex and a weaker
secondary vortex. The secondary vortex quickly dissipates to
leave the primary vortex, which persists farther downstream.
The primary vortex sweeps fluid from the cross-flow bound-
ary layer, which thickens on the upwash side of the vortex
and thins on the downwash side. The primary vortex con-
tains a core of slow-moving fluid from the boundary layer, the
near-wall region replaced by higher momentum fluid. This
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Figure 7. Planes showing time-averaged u velocity; a) xz
plane, y/D = 0 (wall), b) yz plane, x/D = 0.6.

increase in momentum is shown to be associated with im-
proved skin friction downstream of the jet. The increase in
skin friction has been previously shown to be associated with
increased resistance to boundary-layer separation. This study
has revealed the existence of a near-wall region of reverse-
flow downstream of the jet orifice. This region of reverse-flow
is resolved into a vortex pair bifurcation line at a ‘spiral point’
directly behind the jet. The bifurcation line persists down-
stream, between the vortex pair until the secondary vortex dis-
sipates. In future studies, we would like to correlate the evolu-
tion of these near-field structures, the primary and secondary
vortices, with the resulting effect on shear-stress downstream,
for various configurations. Ultimately, we would like to ex-
plain why certain velocity ratios, jet orientations, (also pulsa-
tion frequencies and duty cycles) have been shown by authors
such as Laval et al. (2010) to be more effective for flow sepa-
ration control.
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