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Abstract
The impact of skewness angle on the effectiveness of vortex generators (VG) and the
behaviour of streamwise vortices on flow separation behind a backward-facing ramp (BFR)
with a sharp transition were experimentally investigated using surface oil flow visualizations,
planar and stereoscopic particle-image velocimetry measurements. Counter/co-rotating
streamwise vortices were generated by a set of boundary-layer type rectangular VG located
upstream of the BFR that comprised of a flat- and 30°-inclined sections with different
skewness angles of 10°, 20°, and 30°. Local Reynolds number based on the VG location was
Rex ≈ 3×106. Results show that the reattachment length was reduced by ~45% when the VG
was located five times its height ahead of the transition. Additionally, the behaviour of the
vortex core generated by the left vane displayed strong dependence on the skewness angle,
whereby its vorticity magnitude and vortex instability increase with the skewness angle.
Circulation magnitude and vortex radius of the left vortex core are also observed to be
physically larger and less stable. In contrast, the vortex core produced by the right vane
displays opposite behaviour as the skewness angle increases. Lastly, the vortex core location
is observed to fluctuate more in the vertical direction than horizontal direction.

Keywords: flow control; vortex generator; instability; flow visualization; particle-image
velocimetry
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1. Introduction
Flow separations are regular occurrences in many aerodynamics applications and typically
lead to negative impacts upon aircraft performance and efficiency. Increased drag, reduced
lift, as well as elevated noise and vibrations are some of the probable consequences of
unmitigated flow separations. This often results in lower aerodynamics performance,
elevated power consumption levels and structural fatigue, to name a few undesirable
outcomes. Many earlier studies have investigated vortex generators (VGs) and found them to
be highly effective in improving flow mixing efficiency, heat transfer level and flow
separation mitigation under various flow conditions.1-4 VGs are generally categorized into
two types – firstly, micro-VGs where the ratio of VG height (HVG) to the boundary layer
height (δ) is lesser than unity (i.e. HVG/δ < 1), and secondly, boundary-layer type VGs where
their heights are more comparable to the boundary layer heights (i.e. HVG/δ  1).5 It has been
reported that the former type creates adequate vorticity to suppress flow separations with
little penalty on drag, while the latter type produces excessive vorticity and high skin-friction
drag levels. However, it should be highlighted that the effectiveness of micro-VGs are highly
sensitive towards the exact implementation location and may not be entirely suitable in
applications that involve complex flow behaviours.6,7

VGs may also possess geometries that take after rectangular, triangular, wishbone and wedge
configurations,7 among others, which work at different performance levels that depend on the
exact applications and flow conditions. In particular, for subsonic flows which most
aerodynamics applications are associated with, it had been reported that the divergent vane
type VGs have the highest efficiency in terms of flow separation and overall drag reductions.7
In the recent years, most studies have aimed to enhance thermal performance by means of
VGs.8 It had been found that VGs helped improving the heat transfer in a rectangular
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channel, but it also increased the friction factor as the drawback depending on the
configurations9. As for circular tubes, delta winglet VGs with common-flow-down
configuration yielded higher overall performance than common-flow-down configuration.10
Multiple rows of VGs could improve the overall heat transfer by using the first row to
generate vortices and subsequent rows to accelerate the vortex break down process, which in
turn improving mixing and heat transfer downstream of the VGs.8

In terms of the flow physics, hot-wire anemometry based studies on the detailed evolution of
the counter-rotating streamwise vortices generated by a vane-type VG within a turbulent
boundary layer had been conducted previously.11 Results show that the interactions between
the two cores of the streamwise vortices are insignificant if they were too far apart from each
other. Nevertheless, flow behaviour of counter-rotating streamwise vortices is much more
complex than that of a single vortex, where the maxima of vertical and lateral components
associated with the vortex-cores could lead to low-frequency vortex meandering.12 Vortex
meandering, which is the unsteady motion of the vortices incurred within the flow scenario,
has been extensively studied in wind tunnel experiments of scaled aircraft wings.13,14 It has
also been noted that vortex meandering could lead to misleading interpretations of the vortex
behaviour if corrections were not applied to the measurement data since the phenomenon was
not directly observed in actual flight conditions. It is particularly worthwhile to point out that
vortex meandering causes a smoothing effect on the flow field, leading to low peak vorticity
magnitudes, artificially large vortex-core diameters and concentrated turbulent kinetic energy
in the vortex-cores.14 Thus, the effects of possible vortex meandering should be considered
during data processing and result interpretations.
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Another related phenomenon of interest will be the interactions between the streamwise
vortices and the surfaces adjacent to them. This was investigated previously15 and close
proximity of the primary streamwise vortices to the ground was observed to induce secondary
vortices of opposite rotational sense to form via boundary layer separations under adverse
pressure gradient conditions. Secondary vortices will subsequently lift off from the ground
due to the upwards flow velocities associated with the stronger primary vortices. In scenarios
where the primary vortices are sufficiently strong, they may eventually entrain the secondary
vortices with the latter spiralling around them, as confirmed in some recent investigations.13,15

Of particular interest to the present study are flow separations caused by a backward-facing
ramp (i.e. abbreviated as BFR here onwards) configuration, which is unlike a conventional
flat-surface. While there had been studies that investigated flow separation associated with
such physical configurations, most of them focused on arbitrary ramp geometries16-18 with
only a selected few considering ramps with distinct sharp transitions between a flat section
aligned parallel to the free-stream and a flat ramp section inclined downwards at a
predetermined angle.19,20 With that in mind then, the present study was motivated by two
primary considerations – firstly, the presence of a sharp transition along a BFR will most
likely lead to more abrupt changes in the pressure and velocity gradients, which in turn are
more likely to produce stronger and more persistent flow separations. In that case, how will
the use of boundary-layer type VGs affect these flow separations? Secondly, since aircraft
will inevitably encounter crosswind conditions where the VGs are operating in less-thanoptimal and effectively skewed conditions, how will crosswind conditions affect the
production and behaviour of streamwise vortices by boundary-layer VGs under the present
BFR configuration? This is relevant to applications such as helicopter flights under
crosswind conditions, where crosswinds could have significant impact upon operating
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performances and safety.21,22 Last but not least, how stable are the streamwise vortices
formed by these VGs under the present BFR scenario where pressure gradients undergo
abrupt changes, particularly when the VGs are skewed? To the best of the authors’
knowledge, no in-depth systematic study evaluating the unsteady behaviour of skewed VGs
on a sharp BFR prior to the present one had been reported in recent times.

To address the preceding questions, the present study conducted experiments upon the effects
of a VG located upstream of a 30 BFR, as well as when the VG was increasingly skewed
away from the free-stream direction from 10 to 30. Surface oil flow visualizations were
used to capture first-hand qualitative information on the general flow characteristics of the
streamwise vortices, while two-dimensional and stereoscopic particle-image velocimetry (i.e.
2D-PIV and SPIV respectively) were used to provide further quantitative information upon
their structures, flow behaviour and overall stability.

2. Experimental setup and procedures
2.1 Experimental setup
The experiments were carried out in a subsonic closed-loop wind tunnel housed in airconditioned laboratory, where the working dimensions of the test-section are 780 mm  720
mm  2000 mm (W  H  L). The wind tunnel can produce a maximum freestream velocity
of 85 m/s with a turbulence intensity of 0.1% at the test section. The temperature of the
recirculating air was regulated by a chiller to maintain a constant operating temperature of
23C during the study. For the purpose of the present investigation, the freestream velocity
within the test-section was set to 50 m/s throughout, which is within the actual cruising
velocity range of some aircraft types. Before the air enters the test section, it will pass
through a 9:1 ratio contraction section, a honeycomb section and three layers of fine mesh
5

Figure 1. Schematics of the (a) ramp setup and surface oil flow visualization camera
arrangement, (b) VG and measurement planes, (c) VG physical dimensions and (d) SPIV
camera arrangement.

screens as part of the flow-conditioning procedures.

Figure 1 shows the details of the experimental arrangements for the ramp setup, VG
configurations, surface oil flow visualization and SPIV camera configurations. The BFR
setup essentially consists of joining a horizontal flat plate (i.e. flat section) with a 30
downwards inclined flat plate (i.e. ramp section), with four cylindrical supporting legs for
each plate. Both plates are made up of 20 mm thick transparent acrylic panels, where their top
surfaces were covered using matte black adhesive paper to reduce laser reflections during the
PIV experiments, as well as to provide better contrast during the surface oil flow
visualizations. The leading-edge of the horizontal plate was rounded based on semi-circle
6

configuration, while the dimensions of the horizontal and inclined plates were 590 mm 
1000 mm (W  L) and 590 mm  645 mm (W  L) respectively. The supporting legs were
fabricated from 50mm diameter cylindrical acrylic rods and bolted securely to the test-section
floor. The local Reynolds number at the streamwise location of the VG, as measured from
the leading-edge and based on the freestream velocity, was approximately Re = 3106. The
transition from the flat section to the ramp section was intentionally kept sharp as part of the
investigation.

As for the VG, its geometry and configuration are based on a previous study by Boniface6
and was manufactured out of 1 mm thick stainless-steel sheet. The VG design height, HVG,
was calculated based on boundary layer thickness approximation for a turbulent boundary
layer over a horizontal plate at a velocity of 50 m/s.23 As part of the study, the location of the
VG on the horizontal plate was varied between 5, 10 and 20 HVG ahead of the ramp transition
as well. Last but not least, the dimensions of the VG are 19.2 mm  62 mm (HVG  L) and
the incident angle of each VG vane (β) is 15° away from the centreline of the horizontal
plate, as shown in Figure 1(c).

2.2 Surface oil flow visualizations
To visualize the mean flow patterns along the ramp surface due to the presence of the
streamwise vortices produced by the VG under different configurations, a thin layer of oil
mixture was evenly applied on the BFR top surfaces. The mixture consisted of white oil,
thick engine oil, and green fluorescence powder in the volume ratio of 2:1:1, similar to what
had been used earlier.24 During the experiments, the wind tunnel was operated at 50 m/s until
the oil streak patterns became invariant for each of the test conditions. Subsequently, two
digital CCD cameras with 18 mm, f/4 lenses (i.e. 27 mm full-frame equivalent) were used to
7

capture images of the surface oil flow patterns in a dark environment, with an exposure time
of 5 seconds and ISO sensitivity of 3200. Note that the cameras were oriented such that they
were pointing perpendicularly to the flat and ramp sections respectively. Lastly, images
captured by both cameras were then stitched together to show the complete flow patterns for
the entire ramp setup.

2.3 Particle image velocimetry
2D-PIV measurements were used to capture flow separations along the symmetry plane of
the BFR, while SPIV was used to capture the vortical behaviour of the streamwise vortices
along different cross-stream planes downstream of the VG. 2D-PIV measurements were
facilitated by a TSI PIV system, with adopted guidelines and design rules by Westerweel.25
The flow fields were illuminated by a 200 mJ, 532 nm wavelength Quantel EverGreen NgYAG double-pulsed laser operating at 7.25 Hz with a laser pulse interval of 12 μs. The laser
beam was routed to the desired measurement plane via a periscopic mirror setup. A planoconcave lens was used to create a laser sheet and an adjustable mechanical slit was used to
limit the laser sheet thickness to approximately 1 mm for the 2D-PIV measurements. The
freestream was homogeneously seeded by olive oil droplets with a nominal particle diameter
of 1 m. Two TSI Powerview Plus 4 megapixel digital CCD cameras with 2048 pixel 
2048 pixel resolution each were synchronized and used to capture particle-image pairs (i.e.
estimated particle shifts of approximately 8-10 pixels), before their corresponding velocity
fields were stitched to obtain the final velocity fields. Both cameras were equipped with 105
mm, f/2.8 Nikon lenses.

Particle-image pairs were analysed using PIVlab 2.0226 to derive the velocity fields for 2DPIV measurements. A two-step multi-pass interrogation procedure was adopted, where 50%
8

overlaps in both directions and initial and final interrogation window sizes of 128 pixel  128
pixel and 32 pixel  32 pixel were used respectively. Spurious vectors in each instantaneous
velocity vector field were rejected based on local rejection criteria and the replacement
vectors were derived by a 3-point by 3-point neighbourhood averaging procedure. To ensure
that the mean quantitative flow fields along each measurement plane converged satisfactory,
the statistical convergence analysis was carried out by comparing the averaged velocity
profile on the ramp from different number of samples from the range of 1,000 to 12,000
samples at an interval of 1,000 samples. It was observed that the velocity profile had
converged well when 6,000 samples were used, where there were no discernible changes as
the number of samples was increased further. Hence, an ensemble of 6,000 instantaneous
velocity fields were then averaged and used for further analysis.

For SPIV measurements, each camera was reconfigured to have a TSI Scheimpflug adapter
attached between the camera body and the lens. Stereoscopic calibration was achieved by
focusing both cameras with a two-level calibration board with Scheimpflug angles of
between 45° to 55° (i.e. depending on the exact measurement plane). The laser sheet
thickness was thickened to approximately 6 mm. Other system components and experimental
procedures remained relatively similar to those adopted during the 2D-PIV measurements.
Additionally, an ensemble of 3000 particle-image pairs was collected by each camera for
SPIV. Note that cross-stream SPIV measurements were carried out along four planes
downstream of the VG at x/HVG = -2.5, 0, 5, and 10 locations to capture the streamwise
vortex cores in greater detail. To further mitigate the adverse effects of scattered laser
reflections coming off the BFR surfaces (despite the use of matt black adhesive paper), the
latter of which could in turn produce poor-quality flow measurements close to the BFR
surfaces, a Proper-Orthogonal Decomposition (POD) based background removal technique27
9

was adopted to reduce the effects of the scattered laser reflections from the particle images
before PIV post-processing.

Briefly describing, the POD based background removal technique works by performing POD
analysis upon the particle images to identify the various POD modes. The first five POD
modes were discarded before the particle images were reconstructed back, as these modes
correspond to the unwanted background with scattered laser reflections during the present
experiments. For more details, readers are referred to Mendez et al.27 for the underlying
principles and procedures. After optimizing the image intensity and contrast levels, these
particle images were subsequently post-processed using PIVlab again to derive the velocity
fields based on similar procedures described previously. Subsequently, another MATLAB®
based toolbox, UVMAT, was used to convert corresponding pairs of 2D velocity fields
captured at the same instances by the two PIV cameras into 2C-3D PIV velocity fields using
the earlier stereoscopic calibrations. The out-of-plane component was extracted using the
pinhole camera model and all velocity components were then recalculated using the thin plate
spline interpolation.28 In terms of measurement resolution, 2D-PIV results have resolutions
of approximately 1.0 to 1.2 mm/vector due to manual camera shifting, while SPIV results
have a resolution of 1.0 mm/vector as the velocity vectors were reconstructed from two
cameras and interpolated onto a uniform grid.

Experimental uncertainties of the PIV measurements were estimated following the
procedures outlined by Moffat.29 The uncertainty from freestream velocity readings was
found to be ± 0.2% and the pressure transducer for the pitot-static tube had a full-scale
accuracy of 1%. Uncertainties related to SPIV approach30 was estimated to be 0.8%, while
that due to stereoscopic calibration error was estimated to be ± 0.43 pixel, which translated to
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± 4.47%. Hence, the total experiment uncertainty for velocity fields was estimated to be
approximately ± 3.3% for 2D-PIV and ± 4.6% for SPIV.

The PIV results provided instantaneous velocity fields 𝑈(𝑡), comprising of streamwise
velocity (U) and spanwise velocity (V, W) components for each measurement plane, as
shown in Eqn (1):
̅ + 𝑢′(𝑡)
𝑈(𝑡) = 𝑈

(1)

̅ is average velocity field, and 𝑢′(𝑡) is
where 𝑈(𝑡) is the instantaneous velocity field, 𝑈
̅
instantaneous fluctuating velocity component. To calculate the averaged velocity field 𝑈
along each measurement plane, all instantaneous velocity fields determined for that
measurement plane were averaged using Eqn (2):
𝑁

1
̅ = ∑ 𝑈𝑖
𝑈
𝑁

(2)

𝑖=1

where N is total number of instantaneous velocity fields. The instantaneous fluctuating
̅ into Eqn (1),
velocity components were extracted by substituting the average velocity field 𝑈
written as Eqn (3):
̅
𝑢′(𝑡) = 𝑈(𝑡) − 𝑈

(3)

Next, the turbulent kinetic energy fields were calculated using Eqns (4) and (5) respectively.
𝑁

1
′ )2 =
̅̅̅̅̅̅̅
̅ )2
(𝑢
∑(𝑈𝑖 − 𝑈
𝑁

(4)

1 ̅̅̅̅
(𝑢′ 2 + ̅̅̅̅
𝑣 ′ 2 + ̅̅̅̅̅
𝑤 ′2)
2

(5)

𝑖=1

𝑘=

Although the mean streamwise vorticity fields 𝜔
̅𝑥 can be calculated using Eqn (6):
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̅ 𝜕𝑉̅
𝜕𝑊
̅=(
𝜔
̅𝑥 = 𝛁 × 𝑈
− )
𝜕𝑦
𝜕𝑧

(6)

̅ are spanwise velocity component from the averaged spanwise velocity
where 𝑉̅ , 𝑊
̅, which would be comparable to classically predicted vortex structures,12components from 𝑈
14

the averaged velocity field could affect the end result of vorticity calculation substantially

due to possible vortex meandering. Therefore, in Section 3.3, the averaged peak streamwise
vorticity 𝜔
̅𝑥,𝑝𝑒𝑎𝑘 was calculated from the instantaneous peak vorticity of each sample to
reveal the actual averaged vorticity magnitude using Eqn (7):
𝑁

𝜔
̅𝑥,𝑝𝑒𝑎𝑘

1
= ∑ 𝜔𝑥,𝑝𝑒𝑎𝑘 𝑖
𝑁

(7)

𝑖=1

This was done by making use of λ2-criterion31 to detect the vortex-core location from the
instantaneous velocity field and the peak vorticity at the location of maximum λ2 magnitude
were estimated from spline interpolation.

Subsequently, vortex circulation was calculated by integrating vorticity around the common
area that satisfied λ2-criterion, where normalized vorticity magnitude of more than 0.5 was
required. This threshold was chosen to ensure that the calculation only included a region
within which the vortex was rotating in the same direction. Besides, the calculation only
considered the connected area based from the above criteria. Hence, incoherent vortices
would not be included in the calculations. Note that the threshold value was obtained through
multiple trial-and-error in order to maintain consistency among all results and to filter out
false-positives due to the presence of strong flow shear. Lastly, the vortex core radius was
estimated based on the square root of the area that used for the circulation obtained
previously after been divided by π.
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Figure 2. Surface oil flow visualizations associated with (a) no VG, and where the VG is
located at (b) x/HVG = -20, (c) x/HVG = -10 and (d) x/HVG = -5.

3. Results and discussions
3.1 Effects of VG location
Figure 2 shows the surface oil flow visualizations captured when the VG is located at x/HVG =
-5, -10, and -20 locations, as well as for when no VG is present for comparison purposes.
Starting with the scenario when the VG was not present as shown in Figure 2(a), it can be
observed that a reattachment line is formed along the ramp section, albeit curved from one
side to the other. Based on the visualization image, it is estimated that the flow separates
from the sharp transition and reattaches back onto the ramp section at a maximum of about 7
HVG downstream of the transition (i.e. along the centreline), as indicated by the dashed line in
the figure. The curved reattachment line also means that the reattachment length becomes
smaller towards either sides of the ramp section. Since the shorter reattachment lengths to the
sides are most likely due to the wind tunnel test-section walls interacting with the BFR, using
a significantly wider BFR setup will most likely see a reattachment line with reduced
curvature. It is also worth noting that the reattachment line should not be confused with the
13

curved bright region right downstream of the transition, which was caused by minor oil and
pigment accumulation resulting from flow recirculation and gravitational effects, amongst
other factors.

When the VG is present along the flat section upstream of the ramp section however, its
presence even at x/HVG = -20 location as shown in Figure 2(b) leads to interesting
modifications to the original reattachment line. Instead of a simple curved reattachment line
like what is observed in Figure 2(a), it appears more wavy where proximity to the streamwise
vortices produced by the VG leads to more pronounced localized reductions in reattachment
length. In addition, the maximum reattachment length observed in Figure 2(b) is
approximately 22% shorter than when no VG is present, which demonstrates favourable flow
separation mitigation despite the relatively upstream location. Furthermore, relocating the
VG more progressively downstream to x/HVG = -10 and -5 lead to further shortening of the
maximum reattachment length by about 38% and 46% respectively. This can be attributed to
the more coherent and conducive nature of the streamwise vortices when they are produced
shortly before the sharp transition, which exerts more favourable flow separation mitigation
effects. As for the flow patterns caused by the proximity of the streamwise vortices with the
ramp section surface, they are formed relatively symmetrically across all tested locations as
illustrated by the dashed lines in Figure 2(b) to (d). Qualitatively speaking, the trajectories of
the two streamwise vortex-cores also appear to be closer with each other for x/HVG = -5
location than the other locations, presumably due to the later formations of the streamwise
vortices in the former scenario.
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Figure 3. 2D-PIV results taken along the symmetry plane showing the flow separation
behaviour associated with (a) no VG test case and where VG is located at (b) x/HVG = -20, (c)
x/HVG = -10 and (d) x/HVG = -5.

Next, Figure 3 shows the 2D-PIV time-averaged velocity field and streamline results along
the ramp section. In Figure 3(a), the result for baseline case with no VG reveals the clear
formation of a significant flow separation bubble that starts from the sharp transition.
Additionally, the reattachment length estimated from Figure 3(a) agrees well with that shown
in Figure 2(a). Once the VG is present and located at x/HVG = -20 as shown in Figure 3(b)
however, the flow separation bubble and reattachment length become discernibly smaller and
shorter respectively. This continues to be the case when the VG is located closer towards the
ramp transition at x/HVG = -10 and -5 locations (i.e. gradually closer to the sharp transition),
which agree with the observations made for Figure 2 earlier. In fact, it should be noted that
the flow separation bubble is clearly very small and weak for the x/HVG = -5 configuration.
These 2D-PIV measurements support the earlier notion that the VG should be implemented
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Figure 4. Surface oil flow visualizations of a VG located at x/HVG = -5 and skewed at (a) ϕ
= 0°, (b) ϕ = 10°, (c) ϕ = 20° and (d) ϕ = 30°.

closer to the ramp transition for best flow control outcomes, at least for the present
experimental conditions and VG configurations.

3.2 Effects of VG skewness
Since the preceding results had established that the most appropriate location to implement
the VG is at x/HVG = -5, at least from the perspective of minimizing flow separation effects
here, the investigation from here on maintains the VG at this particular location for the sake
of consistency and ease of comparisons. With this in mind, Figure 4 shows the surface oil
flow visualizations taken when the VG was skewed at ϕ = 10°, 20° and 30°, with the nonskewed VG included for comparisons. In this case, the VG was skewed about its pivot point
as indicated in Figure 4 (i.e. black cross), which is aligned with the VG trailing-edge point.

Note that skewing the VG in the manner shown in Figure 4 means that the left and right
vanes experienced an increase and decrease in their angles-of-attack relative to the freestream by the skewness angle respectively. Hence, the trajectories of the streamwise vortex16

Figure 5. Flow pattern on the horizontal plate of a VG located at x/HVG = -5 and skewed at
ϕ = 30°.

cores are no longer symmetrical about the VG centreline but begin to skew towards the left as
shown in the figure. It is also clear from the figure that increasing the VG skewness angle
here increases the extent to which the streamwise vortices gets skewed towards the left, not
just along the flat section but along the ramp section as well. Note that Figure 4(c) and (d)
indicate that there is a limit to which the streamwise vortices will be skewed, especially when
a relatively large skewness angle of ϕ = 30° is used. Instead of both streamwise vortex-cores
following the general VG skewness angle, the left vortex-core (LVC) gets progressively
realigned back in the free-stream direction. The reattachment line also gets increasing
asymmetric as the skewness angle increases, with the reattachment length on the left
becoming generally shorter than that on the right.

Taking a closer look at how imposing a skewness angle affects the flow field, a close-up view
of the region around the ϕ = 30° VG shown in Figure 5 shows a horseshoe vortex formation
upstream of the left VG vane due to the high flow blockage. It should also be noted that the
horseshoe vortex becomes only more apparent for ϕ = 20° and above, suggesting that it
becomes increasingly more dominant as the skewness angle increases. This observation is
consistent with that previously reported studies,1,2,32 where the primary vortex was known to
17

Figure 6. Comparison of the present LVC and RVC mean core vorticity magnitudes at
various downstream locations with previously reported studies.33,34

induce boundary layer separation to form a horseshoe vortex as a secondary vortex core of
opposite sign. Also, there was a recirculation region behind the left VG vane, which in turn
could affect the stability of the streamwise vortex-core. In contrast, the right VG vane
produces a very weak streamwise vortex as its flow blockage becomes smaller with the
imposition of the skewness angle. This also indicates that this streamwise vortex could have
insufficient strength to mitigate the flow separation bubble significantly. This will account
for the observations in Figure 4, where the reattachment length in the immediate vicinity of
the right vortex-core (RVC) is significantly longer than that associated with the LVC.

To have a better understanding of the skewed VGs, SPIV cross-stream measurement results
will now be presented and discussed. Before that however, the validity of the present
measurements is first ascertained by comparing the mean non-dimensionalized vorticity
magnitudes of the streamwise vortex-cores produced by the present non-skewed VG at
different downstream locations with those reported in earlier studies.33,34 Their
experiments33,34 were based on a single-vane boundary layer height VG with an incidence
angle of about 15°-16° in a turbulent boundary layer on a horizontal plate. The comparison is
shown in Figure 6 and it can be seen that there is satisfactory agreement with the earlier
18

Figure 7. Streamwise velocity component extracted from cross-stream results taken for (a) ϕ
= 0°, (b) ϕ = 10° and (c) ϕ = 30° skewed VG at (i) x/HVG = -2.5, (ii) x/HVG = 0, (iii) x/HVG = 5
and (iv) x/HVG = 10 locations.

studies, despite the additional ramp section here. For the sake of brevity, only the results for
ϕ = 10° and 30° located at x/HVG = -2.5, 0, 5, and 10 locations will be discussed hereafter.
Note that x/HVG = -2.5 corresponds to a location mid-point between the VG and the sharp
transition, while x/HVG = 0 corresponds to a location right along the sharp transition (see
Figure 1(b)). On the other hand, x/HVG = 5 and 10 correspond to locations along the ramp
section.

Figure 7 shows the mean cross-stream velocity vector fields together with the nondimensionalized out-of-plane velocity component, U/U0. Note that the colour legend is kept
19

consistent throughout all plots to ease visual understanding. The symmetrical formation and
subsequent behaviour of the counter-rotating streamwise vortices are apparent for the nonskewed VG case, as shown in Figure 7(a). In particular, all velocity vector fields show that
the streamwise vortex-cores persistently attract higher momentum fluid from the free-stream
towards the BFR surface, up to the furthest x/HVG = 10 measurement plane. There is some
slight flow acceleration adjacent to the flat plate observed at x/HVG = 10, which could due to
the additional cross-stream flow component contributed by the greater momentum exchange
conferred by the streamwise vortices. There are some indications of secondary vortices
forming adjacent to the streamwise vortex-cores in Figure 7(a)(ii) but they do not appear to
be significant.

As for skewed VGs however, the skewed and asymmetric nature of the resulting streamwise
vortex-cores are clear, as can be observed in the results for ϕ = 10° and 30° cases. When the
skewness angle is small at ϕ = 10° as shown in Figure 7(b), the RVC core region is visibly
smaller and its influence upon the flow field weaker. In fact, there is little evidence of the
RVC by the x/HVG = 5 and 10 locations and the LVC is the only discernible streamwise
vortex-core at x/HVG = 10 location. Hence, it is not surprising that increasing the skewness
angle to ϕ = 30° produces an even more drastic outcome, as shown in Figure 7(c). In this
case, the LVC is significantly more dominant while the RVC is almost too weak to be
identified at x/HVG = -2.5 location, as shown in Figure 7(c)(i). Additionally, it can also be
observed that the LVC possesses a significantly lower streamwise velocity component
compared to other test cases, which can be attributed to the left VG vane inclined at a high
AOA relative to the free-stream at ϕ = 30º. Intuitively, the large relative AOA would lead to
flow separations at the left VG vane trailing-edge and produces relatively slow streamwise
velocities within the LVC. Despite the low streamwise velocities within LVC, it remains
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Figure 8. Cross-stream mean vorticity results taken for (a) ϕ = 0°, (b) ϕ = 10° and (c) ϕ = 30°
skewed VG at (i) x/HVG = -2.5, (ii) x/HVG = 0, (iii) x/HVG = 5 and (iv) x/HVG = 10 locations.

surprisingly dominant with larger regions of influence and discernible up to x/HVG = 10
location. It is clear from these early set of results that introducing skewness to the VG in a
BFR configuration produces increasingly skewed and asymmetric streamwise vortex
structures and behaviour, similar to what had been observed from previous studies35,36 where
VGs were embedded in turbulent boundary layers on flat surfaces.

To study the streamwise vortex-core behaviour further in terms of their strengths and
dominance as they convect further along the flat and ramp sections, Figure 8 shows the mean
vorticity levels of these vortex-cores as a function of skewness angle and downstream
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locations. The symmetrical behaviour for the non-skewed VG are as discussed previously
but from Figure 8(a), it can be observed that weak secondary vorticity regions are produced
adjacent to the two vortex-cores at all downstream measurement locations. This is despite
the vortex-cores becoming increasingly weaker due to viscous dissipation, as well as the
progressively larger distance between the vortex-cores and the ramp section, as they convect
downstream. For the ϕ = 10º skewed VG shown in Figure 8(b) however, formation of the
asymmetric streamwise vortices can be seen to lead to disparate formations of secondary
vorticities. In particular, the ones induced by the LVC and RVC appear to be stronger and
weaker as compared to the non-skewed VG respectively. What is interesting to note is the
additional and significantly stronger secondary vorticity region below and to the right of the
LVC shown in Figure 8(b)(ii) and (b)(iii), as compared to the one formed to its left. This
could be due to the LVC realignment process by the free-stream, which increases the
spanwise pressure gradient and in turn, leads to an additional and stronger boundary layer
separation to the right of the LVC. At locations further downstream however, this additional
secondary vorticity region is not present. Instead, the LVC takes on a slanted outline at
x/HVG = 10 location, which is similar to what had been observed previously35,36 for skewed
VGs as well. While it is plausible that the vortex-core could be slanted at first glance, the
slanted LVC is mostly likely the projection of the skewed vortex-core onto the SPIV
measurement plane, as illustrated in Figure 9.

As the skewness angle is increased to ϕ = 30º as shown in Figure 8(c), the flow changes
become more drastic and more rapidly. The secondary vorticity regions are stronger and
more distinct up to x/HVG = 0 location, while the LVC takes on slanted outlines from x/HVG =
5 location onwards. However, the LVC is very weak from that location onwards and not
expected to be as coherent as before. The situation for the RVC is even worse, as its
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Figure 9. Illustration depicting how a vertical laser sheet across a skewed vortex-core can
produce a slanted cross-section along the present SPIV measurement planes.

influence is small and dissipates by x/HVG = 5 location onwards. It is also interesting that the
RVC possesses the same rotational sense as the LVC. However, this is due to the use of a ϕ
= 30º skewness angle, where the right VG vane becomes effectively skewed to the left at a
small angle and produces a vortex-core that rotates clockwise instead of counter-clockwise
(i.e. as viewed from a downstream location). Hence, it should be clear that the VG vane
divergence angle also matters significantly when the VGs are skewed, as the behaviour
exhibited by the ϕ = 30º skewed VG is not one that is associated with counter-rotating
streamwise vortices, but rather co-rotating streamwise vortices. This could have significant
implications upon the efficacy of the flow separation mitigation abilities of the present VGs.

The relative dominance and energy levels of these vortex structures can be better appreciated
in Figure 10, where the mean turbulent kinetic energy (TKE) distributions are presented for
the current skewed and non-skewed VGs at various downstream locations. The impact of
imposing a skewness angle upon the VG in terms of redistributing the flow energy is very
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Figure 10. Cross-stream TKE results determined for location at (a) x/HVG = -2.5, (b) x/HVG =
0, (c) x/HVG = 5, and (d) x/HVG = 10.
significant. It can be seen from Figure 10 that, particularly for the ϕ = 30º skewed VG here,
control of flow separation should be better where the LVC continues to remain coherent and
be involved in flow interactions with the free-stream. This would agree well with the flow
visualizations presented in Figure 4 earlier, where the reattachment lengths associated with
LVCs of ϕ = 10 and 30º skewed VGs show significant reductions. These observations show
that despite its skewness, qualitative and quantitative results demonstrate that the VG
continues to exert favourable flow separation mitigation effects, albeit more localized. This
in turn suggests that in applications where a BFR is experiencing significant flow separation
right from the sharp transition location, the presence of a VG should still be beneficial, even
under crosswind conditions.
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3.3 Vortex-core unsteadiness
This section will investigate the unsteadiness of the streamwise vortex-cores produced by the
VG under the present configurations in greater detail, based on a more statistical approach.
As most studies focused more upon the mean vortex structures and behaviour due to their
more immediate applicability towards aerodynamics applications, it will be of significant
interest to explore the transient behaviour further, especially in the present context where a
less common BFR is used. It has been observed during the data processing stage that the
instantaneous SPIV results show that the vorticity levels and positions of both LVC and RVC
fluctuate temporally and hence, the unsteadiness analysis will be based on these
instantaneous vorticity results first. It should be noted the RVCs of ϕ = 10° and 30° are very
weak when they are over the ramp section. As such, they lost their coherence and broke
down rapidly once they encountered adverse pressure gradients. This led to difficulties
utilizing the present vortex identification algorithm to accurately detect and distinguish the
vortex-cores from the background. Thus, RVC details at x/HVG = 5 and 10 are omitted for
these two skewness angles.

Figure 11 shows the range of peak vorticity levels, circulations, vortex-core radii and
positions (i.e. horizontal and vertical) associated with both LVC and RVC, as determined
from the 3000 instantaneous SPIV measurements. Note that error bars showing the extent of
the fluctuations are included for a better appreciation of the vortex-core unsteadiness. In
terms of the LVC and RVC peak vorticity magnitudes for the non-skewed VG shown in
Figure 11(a), it can be seen that they generally decrease as the measurement location
progresses further downstream. This is within expectations since the vortex-cores will
gradually weaken due to viscous effects. On the other hand, it is interesting to note that the
range of peak vorticity levels increases with downstream location, likely due to the enhanced
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Figure 11. Distributions of (a) peak vorticity, (b) circulation, (c) vortex core radius based on
the connected area containing normalized vorticity magnitude greater than 0.5, (d) vertical
position, and (e) horizontal position of LVC and RVC under different VG skew-angle
conditions and downstream locations.

unsteadiness introduced by heightened viscous effects as well. In contrast, the situation for
skewed VGs is more complex with the skewness angle conferring significant effects. In
particular, the LVC for ϕ = 10° test case actually undergoes an increase in peak vorticity level
from x/HVG = -2.5 to 5 locations, before reducing significantly by x/HVG = 10 location.
Relatively similar behaviour can be observed for ϕ = 30° test case, though peak vorticity level
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only increases up to x/HVG = 0 location before it decreases in a fairly linear fashion from
x/HVG = 0 to 10 locations.

As for the RVCs, their peak vorticity levels do not differ significantly between the limited
results that are available, though it is worthwhile to mention that the RVC weakens when ϕ =
10° is used and eventually reverses its rotational sense when ϕ = 30° is used. Last but not
least, fluctuations of the LVC peak vorticity level can also be seen to increase as the VG is
skewed and with increasing skewness angle, while the opposite is true for the RVC. This
may be attributed to the increasing higher flow blockage posed by the left VG vane, whereby
flow separations at the trailing-edge are expected to become increasingly more significant
when the skewness angle increases. In contrast, flow separations at the right VG vane will
become correspondingly less significant, resulting to lower unsteadiness levels. Other than
vorticity levels, circulation is another parameter that is commonly used to quantify vortexcores, and the calculation procedures have been previously described in Section 2.3. Figure
11(b) shows that the fluctuations of the LVC circulation levels are more apparent, especially
between x/HVG ≤ 0 and x/HVG ≥ 5, as well as when the skewness angle reaches ϕ = 30°. On
one hand, this could be due to higher uncertainties encountered in estimating circulations
accurately when viscous effects become significant. On the other hand, it should not be
surprising that the vortex-core circulation level will fluctuate more as more significant
viscous effects set in downstream. Similar observations can also be observed for RVC,
though only for the non-skewed VG test case. Relating to these observations will be the
corresponding radii of the vortex-cores shown in Figure 11(c), where fluctuations in the
radius are significantly larger in both the downstream locations and ϕ = 30° skewed VG test
cases.
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Of particular interest will be the unsteadiness in the vortex-core positions, where fluctuations
in their vertical and horizontal positions are shown in Figure 11(d) and (e). It can be
immediately appreciated that the unsteadiness in the vertical positions of both LVC and RVC
are consistently higher than that in the horizontal positions. Furthermore, the vertical
position unsteadiness is significantly higher when x/HVG ≥ 5 and particularly at x/HVG = 10,
which is along the ramp section, regardless of the exact test case. It should also be noted that
ϕ = 30° skewed VG test case produces the largest fluctuations in the vertical position of the
LVC as well. This is relatively similar for the horizontal position, though the extents of
unsteadiness are comparative less significant when comparing at the same downstream
locations. It would appear then, that there is little spanwise meandering of the vortex-cores.
Instead, there are more vertical movements of the vortex-cores above the ramp section and
may be attributed to their interactions with the separated regions after the ramp transition.

The region of influence due to the unsteady vortex cores can be better appreciated in Figure
12, where the probability distributions of the vortex-core positions are plotted. Considering
the size of the distribution area, it is intuitive that movements of the vortex-cores would affect
the estimation of averaged vortex vorticity magnitude. From Figure 12, the vortex circulation
magnitude strengthens as the skewness angle increases, which in turn yields higher
unsteadiness of the vortex core. This is consistent with the previous finding12-14 where it is
found that the vortex meandering effect will be amplified as the vortex circulation increase.
In addition, it is worthwhile to highlight that vane geometry will affect the resulting
downstream unsteadiness, as it influences the nature of the streamwise vortices. Hence, other
VG physical geometries are likely to produce distinctively different unsteady characteristics,
especially when a non-zero skewness angle is introduced.
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Figure 12: Vortex-core location propability density function distributions at (a) x/HVG = -2.5,
(b) x/HVG = 0, (c) x/HVG = 5, and (d) x/HVG = 10 locations with (i) ϕ = 0º, (ii) ϕ = 10º, (iii) ϕ =
30º skewness angle
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4 Conclusions
In the present study, the effects of a boundary layer height divergent rectangular VG imposed
on a BFR were investigated through surface oil flow visualizations, as well as 2D-PIV and
SPIV measurement techniques. Results show that a non-skewed VG produces the shortest
reattachment length when it is located at 5 HVG upstream of the sharp transition, as compared
to locations further upstream. Introducing a skewness angle leads to asymmetrical
production of streamwise vortex structures downstream of the VG, as can be observed from
the surface oil flow visualizations. Reattachment lengths associated with the LVC and RVC
of the streamwise vortex structures get progressively shorter and longer as the skewness
angle increases. Results also show the existence of a significant horseshoe vortex upstream
and a recirculation region downstream of the left vane when skewness angle is ϕ = 20° and
higher as a result of flow blockage. On the other hand, the right vane produces less drastic
flow effects as a result of its increasingly lower flow blockage as the skewness angle
increases. It should be noted however, that the RVC reverses its rotational sense at the
highest skewness angle of ϕ = 30° used here.

Imposing a skewness angle upon the VG was observed to affect the stability and unsteadiness
of both the LVC and RVC differently as well, where some of this heightened unsteadiness
may be due to the more significant flow separations produced by the more inclined left vane
at high skewness angles. For instance, fluctuations in the vorticity, circulation, and trajectory
of the LVC increase significantly, while the opposite is true for the RVC, when the skewness
angle is increased. In particular, LVC circulation becomes higher and vortex radius becomes
considerably unstable, when the skewness angle is ϕ = 30°. Probability density function
distributions also confirmed that fluctuations in the above quantities increase when the
skewness angle increases and at further downstream locations. More notably, the streamwise
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vortex-cores are observed to fluctuate physically more in the vertical direction than the
horizontal direction and could be due to the present BFR test configuration where adverse
pressure gradients are expected to be higher than that for a flat-surface.
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