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Abstract
A nearly two-dimensional vortex of small core size has been produced by the transient plunging motion of an upstream airfoil 
and it interacted with the downstream wings. Depending on the offset distance of the vortex and wing angle of attack, the 
incident vortex filament deforms, diffuses, and loses coherence, while inducing leading-edge vortex formation and shedding 
from the wing. No significant spanwise flow develops in the incident vortices during the interaction. The interaction with 
the swept wing at each spanwise plane appears to be unaffected by the other spanwise planes. The counter-clockwise vortex 
induces a positive lift peak as it approaches the wing, which can be predicted by the potential flow assumption. The peak lift 
force is proportional to the circulation of the incident vortex and has its maximum near the zero-offset distance. The minimum 
lift coefficient is reached after the vortex has just passed and caused flow separation on the lower surface. The maximum lift 
coefficients for the finite unswept and swept wings can be estimated by making a correction for the aspect ratio and using 
the independence principle. The only exception is observed for the swept wing at a post-stall angle of attack for which the 
leading-edge vortex shedding becomes parallel to the leading-edge and increases the peak lift force.

Graphical abstract

1 Introduction

Gusts are often considered and simulated as vorticity con-
centrations (vortex filaments), although irrotational gusts are 
certainly a possibility. As vorticity-based representations and 
interpretations are preferred (Rockwell 1998), here we focus 
on vortical-gusts. Interaction of parallel, streamwise and 
normal vortices with downstream airfoils can be considered 
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to contain all the elementary aspects of the gust-wing inter-
actions. Parallel vortex interactions are expected to have 
more significant influence on the aerodynamic forces, as the 
streamwise and normal vortices are likely to affect a small 
fraction of the wing-span. As the vortical structures become 
stronger and more concentrated, the interaction with airfoils 
becomes more challenging as the localized flow separation 
is likely to occur (Jones et al. 2022). Concentrated vortical 
gusts differ from other gusts for which the gust cross-stream 
length scale is large compared to the airfoil dimensions. The 
vortical gusts may be considered to represent more realistic 
gusts with large but localized velocity fluctuations.

Two-dimensional aspects of the interaction of gusts with 
airfoils are mostly understood. Parallel vortex-airfoil interac-
tions were reviewed by Rockwell (1998). General features 
of the interaction include two main aspects: (i) distortion of 
the incident vortex, if the distance between the vortex and 
airfoil is small, and (ii) shedding of the secondary vortex 
of the opposite sign from the wing (Doligalski et al. 1994). 
The first effect is believed to be an essentially inviscid phe-
nomenon (Rockwell 1998). The second effect relies on the 
generation of secondary vorticity, which is a viscous phe-
nomenon. Subsequent roll-up of vorticity into coherent vor-
tices was discussed by Rockwell (1998). The point-vortex 
models (Chen and Jaworski 2020) and the discrete-vortex 
models (Panaras 1987) capture the inviscid aspects of the 
vortex-airfoil interaction. Numerical simulations were able 
to capture the viscous interactions of close vortex–airfoil 
encounters, including the transition to turbulence in the 
leading-edge vortex and the boundary layers at transitional 
Reynolds numbers (Barnes & Visbal, 2018a, 2018b). It was 
found that, with increasing angle of attack and vortex core 
size, more intense viscous interactions result in the forma-
tion of leading-edge vortices (Barnes & Visbal 2020).

In experimental investigations, various vortex configura-
tions were considered: a separated shear layer impinging 
on a corner (Rockwell and Knisely 1979); mixing layers of 
two streams interacting with sharp and elliptical leading-
edges (Ziada and Rockwell 1982; Kaykayoglu and Rock-
well 1985); and Karman vortex street of an upstream body 
interacting with a downstream elliptical-edge (Gursul and 
Rockwell 1990). Vortex-airfoil interactions were also simu-
lated by oscillating an upstream airfoil, hence generating a 
vortex which subsequently interacted with the downstream 
wing (Wilder and Telionis 1998; Peng and Gregory 2015, 
2017). There are many experimental studies that produced 
periodic travelling gusts by oscillating airfoils or cascade 
of airfoils (Gilman and Bennett 1966; Booth and Yu 1986; 
Brion et al. 2015; Wei et al. 2019a, 2019b; Wu et al. 2020), 
and by oscillating flaps (Jones and Moore 1972; Bicknell 
and Parker 1972).

We note that all the previous experimental studies assume 
nominally two-dimensional incident vortices, although this 

has never been confirmed. This is highly relevant to the pre-
sent study in which two-dimensional vortices interact with 
airfoils and wings. Recently, Turhan et al. (2022) investi-
gated the spanwise coherence and correlation length scale 
of the incident unsteady wakes shed from a periodically 
plunging upstream airfoil at a Reynolds number based on 
the chord length of Re = 20,000. It was concluded that the 
Strouhal number is the most important parameter that deter-
mines the degree of two-dimensionality of the wake. The 
Strouhal number based on the peak-to-peak amplitude can 
be considered as the ratio of the maximum plunge velocity 
to the freestream velocity, i.e. Vpmax/U∞ = π StA. Using the 
findings of Turhan et al. (2022), it can be assumed that span-
wise vortices are quasi-two-dimensional for Vpmax/U∞ ≥ 0.15 
and x/c ≤ 4 at Re = 20,000. Turhan et al. (2022) furthermore 
discussed the implications for experimental gust generators 
using oscillating airfoils. In the present experiments, we 
were able to produce nearly-two-dimensional single vortices.

The vortex-airfoil interactions may be representative of 
the interactions with high aspect ratio wings, where the tip 
effects are confined to a small region, and therefore negli-
gible. However, with decreasing aspect ratio of the wing, 
the three-dimensional effects may become more important. 
Even if the vortex is nominally two-dimensional, spanwise 
variations in the gust-wing interaction may lead to different 
flow physics than the parallel vortex-airfoil interaction. In 
this paper, we focus on the effect of the wing-tip for a finite 
wing and oblique gust-wing interactions for a swept wing. 
Oblique gusts, finite span of the wings and the existence 
of wing-tip vortices may introduce significant three-dimen-
sional aspects. We investigate these effects by starting with 
the two-dimensional airfoil case and then examining a finite 
unswept wing and a finite swept wing.

We expect that the existence of a tip vortex and resulting 
induced velocity (downwash) will influence the flow sepa-
ration from the wing leading-edge and the formation of the 
LEV during the gust encounter. This is based on the observa-
tions of plunging wings, which have qualitative similarities 
with the interaction of vortical gusts. The anchoring of the 
leading-edge vortex near the wing tip affects the spanwise 
loading (Son et al. 2022). In addition to the strong three-
dimensionality of the LEV, rapid deformation of the incident 
gust is also possible due to the mutual induction between the 
LEV and the incident vortex, resulting in the deformation of 
the incident vortex filament. Complex interactions between 
the tip vortex and the incident vortex were observed in the 
numerical simulations for a finite wing with the aspect ratio 
AR = 4 (Barnes and Visbal 2019).

In the case of oblique vortex-wing interactions as 
sketched for a swept wing in Fig. 1a, the nature of the lead-
ing-edge separation, hence the characteristics of the LEV 
may change. For sufficiently large angles between the vor-
tex and wing, one may expect the formation of an attached 
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LEV, which is very much like a delta wing vortex, rather 
than a shed and convected vortex. This scenario may occur 
for the oblique incident gusts in the freestream or for swept 
wings. The possibility of observing attached LEVs rather 
than shed LEVs stems from the previous experiments on 
plunging swept wings (Gursul and Cleaver 2019). This may 
depend on the sweep angle and the gust amplitude. Barnes 
and Visbal (2019) numerically simulated a swept wing with 
the sweep angle Λ = 30° and the aspect ratio AR = 4. For 
this small angle of attack (α = 4°) and the offset distance of 
the vortex from the wing, the interaction appeared to spread 
to the outboard sections of the wing as the vortical gust 
encountered the wing gradually.

In this paper, we produced a transient nearly-two-dimen-
sional spanwise vortex behind a plunging airfoil and inves-
tigated its interaction with an airfoil, an unswept finite wing 
with AR = 6 and a swept wing with AR = 6. In water tunnel 
experiments, unsteady lift force, Particle Image Velocimetry 
(PIV), and three-component Volumetric Velocimetry meas-
urements were carried out. The offset distance of the initial 
vortex location and angle of attack of the wing were varied. 
The scaling of the peak lift coefficients for the airfoil and 
the two wings were analysed. Flow physics of the interac-
tion, including the vortex stability, turbulent diffusion, and 
spanwise flow through the cores of the incident vortex and 
the leading-edge vortex were discussed.

2  Experimental methods

2.1  Experimental setup

The experiments were conducted in a closed-loop water 
tunnel (Eidetics model 1520) located at the University 

of Bath. The test section of the facility is 381 mm wide, 
508 mm high, and 1520 mm long, and the freestream 
velocity can be varied in the range of 0 to 0.5 m/s with a 
turbulent intensity smaller than 0.5% (Heathcote 2006). 
The schematic of the stationary wing placed downstream 
of the plunging airfoil (vortex-generator) is shown in 
Fig. 1b. Both the upstream plunging airfoil and down-
stream wing were mounted vertically in the water tunnel. 
The upstream airfoil was attached to a moving mecha-
nism mounted to a fixed platform and supported by four 
air bearings and placed at the top of the water tunnel in the 
test section. With the end-plates at both ends, the airfoil 
is subjected to a transient plunging motion to generate a 
single vortex that travels downstream with approximately 
freestream velocity. The downstream wing has its own 
smaller end-plate near the root. This end-plate is parallel 
to and offset from the end-plate of the upstream airfoil. 
This is done in order to avoid the small region near the 
end-plate of the airfoil where the vortex is likely to be 
distorted.

In Fig. 1b, the downstream wing is the swept finite 
wing with the sweep angle of Λ = 40◦ . We also tested an 
unswept finite wing ( Λ = 0◦ ) as well as an airfoil (in this 
case a second end-plate was placed at the other end of the 
wing). Both wings have a semi-aspect ratio of sAR = 3 
(equivalent to a full aspect ratio of AR = 6). The Reynolds 
number based on the chord length was Re = 20, 000. Both 
upstream airfoil and downstream finite wings have a cross-
sectional profile of NACA 0012 and the same chord length 
of c = 62.7 mm. The coordinate system is also shown in 
Fig. 1b. The origin is at the trailing-edge of the airfoil, 
while z = 0 is at the root of the downstream wing.

Fig. 1  a Schematic of the two-dimensional vortex interacting with a swept wing; b experimental setup showing the upstream plunging airfoil 
and downstream swept wing
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2.2  Vortex generation

The upstream airfoil was plunged downwards at the mean 
angle of attack � = 0◦ in a transient motion. Figure 2a illus-
trates the plunge velocity history of the transient plunging 
motions. The plunging speed of the airfoil is increased fast 
and then decreased slowly before coming to a complete stop. 
When the plunge velocity is high a counter-clockwise vortex 
is generated, whereas there is no roll-up of vorticity shed 
from the trailing-edge when the plunge velocity is low.

The concept of rapid pitching up of an airfoil to gen-
erate leading-edge vortices (Wilder and Telionis 1998; 
Peng and Gregory 2015, 2017) is not new as discussed 
in the Introduction. However, separated flow and large 
wake at the final angle of attack often have large distur-
bances that ultimately cause three-dimensionality and dis-
sipation of the vortices generated. In contrast, we gener-
ate trailing-edge vortices that are more stable and more 
two-dimensional. In our case, the final geometric angle 
of attack at the end of the transient motion is zero, ensur-
ing minimum wake disturbances. As the leading-edge is 
rounded and the trailing-edge is much sharper, we expect 
that the trailing-edge vortex will be much stronger than the 
leading-edge vortex (Cleaver et al. 2012, 2013). The lat-
ter dissipates quickly and cannot be captured downstream 

of the trailing-edge. In addition, we made sure that the 
acceleration part of the plunge motion is sufficiently rapid, 
which ensures high coherence and two-dimensionality of 
the vortices (Turhan et al. 2022). The slow deceleration of 
the airfoil ensures that the opposite sign of vorticity shed 
does not roll up. The asymmetric profile of the plunge 
velocity (fast acceleration followed by slow deceleration) 
effectively generates a single counter-clockwise vortex 
with minimum wake disturbance.

A counter-clockwise vortical gust is likely to be the 
worst case as it increases the effective angle of attack as 
it approaches the wing. The roll-up of the vortex appears 
to be complete by U∞t∕c = 2 . The phase-averaged cross-
stream velocity component across the vortex core is shown 
in Fig. 2b for two different plunging motions shown in 
Fig. 2a. The strong vortex has the magnitude of the maxi-
mum vortex velocity around the freestream velocity. The 
vortex core radius, which is defined as the location of the 
maximum tangential velocity, is approximately 0.06c. 
Figure 2c shows the spanwise vorticity in the mid-span 
plane at the instant U∞t∕c = 2 for the strong vortex, which 
reveals the nearly circular shape of the vortex after the 
roll-up. The vortex center is approximately at 1.5c down-
stream of the airfoil trailing-edge. The strength (circula-
tion) of the vortex was found by integrating velocity. The 

Fig. 2  a Time-history of plunging motions; b vortex velocity profiles at U∞t∕c = 2; c spanwise vorticity in midspan plane; d cross-stream veloc-
ity in crossflow plane; e vorticity isosurfaces �c∕U∞ = ±6,±9,±12 for Γ∕U∞c = 1.07, U∞t∕c = 2
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weak vortex has a circulation of Γ∕U∞c = 0.55 , while the 
strong vortex has a circulation of Γ∕U∞c = 1.07.

For the strong vortex at U∞t∕c = 2 , Fig. 2d shows the 
phase-averaged cross-stream velocity component in a 
crossflow plane that is located at one vortex radius from 
the vortex center. The cross-flow velocity is fairly inde-
pendent of the spanwise distance, confirming its nearly 
two-dimensional structure. This is consistent with the find-
ings of Turhan et al. (2022). Their data for the same chord 
Reynolds number and in the same downstream region sug-
gest that the spanwise vortices are nearly two-dimensional 
for the normalized maximum plunge velocity Vpmax/U∞ ≥ 
0.15. In the present experiments, we have Vpmax/U∞ = 0.37 
and 0.72 (see Fig. 2a). There is a slight non-uniformity for 
small values of the spanwise coordinate. Unfortunately, we 
could not avoid using this region by increasing the offset 
distance of the wing root end-plate from the end-plate of 
the airfoil, which would mean a smaller distance from the 
wing-tip to the wall of the test section. Figure 2e presents 
the phase-averaged spanwise vorticity iso-surfaces for the 
strong vortex at U∞t∕c = 2 , when the swept wing is placed 

downstream. The isosurfaces in this graph were obtained by 
interpolation of the spanwise vorticity data measured at ten 
spanwise planes using the PIV method. The phase-averaged 
vortex is nearly-two-dimensional upstream of the wing. For 
the unswept wing and the airfoil experiments, we placed the 
airfoil or wing at the same streamwise location as the mid-
span cross-section of the swept wing in Fig. 2e.

2.3  Particle image velocimetry measurements

Figure 3a shows the arrangement for the two-dimensional 
particle image velocimetry measurements. The PIV system 
(TSI) consists of a synchroniser (TSI model 610036), a dou-
ble-pulsed laser (ND: YAG 50 mJ, repetition rate 3.75 Hz), 
and an 8MP (3320*2496) Powerview Plus CCD camera with 
a Nikkor 50 mm f/1.8D lens. The camera has a field of view 
of 313 × 235 mm. Hollow glass spheres (8–12 μm) were used 
as seeding particles in the experiments. Phase-locked PIV 
measurements were conducted with a total of 60 image pairs 
taken for each selected phase during the transient motion 
of the upstream airfoil. The images were processed by the 

Fig. 3  Setup for a PIV (isometric view); b Volumetric velocity measurements (isometric view); and c upstream view



 Experiments in Fluids (2022) 63: 124

1 3

124 Page 6 of 25

Insight 4G with an interrogation window size of 32 by 32 
pixels with 50% overlapping, resulting in a spatial resolution 
of 2.5%c. The estimated uncertainty for velocity measure-
ments was 2% of the freestream velocity U∞ . The coordi-
nate system is also shown in Fig. 3c. Phase-averaged PIV 
measurements were conducted in the mid-span plane for the 
unswept wing and the airfoil, and at ten spanwise planes 
(z/b = 0.1, 0.2, … 1.0) for the swept wing at 8 phases for 
the transient plunging motion of the upstream airfoil. The 
phases were selected between U∞t∕c = 2 and 5.5, with an 
increment of 0.5.

2.4  Volumetric 3‑component velocimetry 
measurements

Figure 3b and c show the arrangement for the three-dimen-
sional volumetric 3-component velocimetry measure-
ments. The V3V system (TSI) includes a double-pulsed 
laser (ND: YAG 200 mJ, repetition rate 3.75 Hz), and three 
4MP (2048*2048) 12 bit CCD cameras with Nikkor 50 mm 
f/1.8D lenses. The cameras were mounted on a dedicated 
frame (TSI V3V-9000-CS) and the same synchroniser as in 
the PIV measurements was used. Each measurement volume 
has a field of view of 140 × 140 × 100 mm. In the present 
study, four separate volumes were used for the swept wing 
cases and two volumes were used for the unswept wing and 
airfoil cases. The data for multiple volumes were collected 
separately and then the volumes were merged by using refer-
ence points on the wing or airfoil. Seeding was done using 

polyamide seeding particles with a size of 50 μm diameter. 
Images were processed by Insight V3V with an interrogation 
volume of 8 × 8 × 8 mm with 50% overlapping, resulting 
in a spatial resolution of 4 mm (6.4%c). The uncertainty 
for the volumetric measurements is estimated as 3% of U∞ . 
Similar volumetric velocity measurements in the same facil-
ity were reported by Calderon et al. (2013a, 2013b), who 
provided the details of the method. In the current setup, 
the same phases of the measurements were selected as in 
the PIV measurements. For each phase, 60 phase-locked 
images were taken, and the phase-averaged velocity fields 
were calculated.

The spatial resolution of the PIV measurements is 2.5 
times better than the resolution of the volumetric meas-
urements. However, the latter method provides spatial 
picture of the vortical structures, including the spanwise 
flow within the vortices. The PIV and volumetric measure-
ments obtained at different times are compared in Fig. 4 
for the same vortex and geometry. At the top, iso-surfaces 
of the phase-averaged spanwise vorticity are compared at 
U∞t∕c = 4 . At the bottom, phase-averaged spanwise vorti-
city is compared in the mid-span plane at the same instant. 
The masked regions for both methods and the field of view 
for the volumetric method are shown. The agreement for 
the counter-clockwise incident vortex is reasonable. How-
ever, weaker spanwise vorticity shed from the wing for the 
volumetric measurements is due to the poorer resolution. 
In summary, the PIV measurements offer better resolu-
tion and a larger field of view, whereas the volumetric 

Fig. 4  a PIV; b Volumetric 3-component velocity measurements: isosurfaces of spanwise vorticity �c∕U∞ = ±6,±9,±12(top) and the spanwise 
vorticity at the mid-span plane, for strong vortex Γ∕U∞c = 1.07 , � = 0.4 , � = 15◦
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measurements offer insight to the spanwise flow in the 
vortices. We used both methods in a complementary way 
for the finite wings.

2.5  Force measurements

A single component binocular type load cell was utilized 
to measure the lift force on the downstream wing. The 
load cell was connected to the downstream wing support 
shown in Fig. 1b. The force data were filtered with a 20 Hz 
Butterworth low-pass filter to reduce the noise. For each 
experiment, force data were acquired at a sampling fre-
quency of 2000 Hz for the same total duration in each 
test and then averaged from 20 cycles. For the lift force in 
freestream as shown in Fig. 5, the force data were sampled 
at 1000 Hz for 60 s. Figure 5 shows the lift coefficient as 
a function of angle of attack for the airfoil, unswept wing, 
and swept wing at Re = 20,000, and compares it with the 
other data for airfoils and wings at the same Reynolds 
number (Bull et al. 2020; Chiereghin et al. 2019, 2020). 
For the force measurements, the errors in calculating the 
lift coefficient CL are attributed to the uncertainty of the 
lift force L, the freestream velocity U∞, the water den-
sity ρ, and the wing planform area S. Using the standard 
error propagation procedures described by Moffat (1988), 
the experimental uncertainty of CL was estimated to be 
less than 5%. At this Reynolds number, for all airfoils and 
wings, the low-Reynolds number effects and nonlinear lift 
slope at small incidences are evident.

3  Results and discussion

3.1  Unloaded airfoils and wings (α = 0°)

3.1.1  Airfoil and finite unswept wing

Initial PIV measurements in the mid-span plane of the 
unswept wing and the airfoil showed that the unsteady 
flows, including vortex trajectories, are qualitatively simi-
lar (Qian 2022). Subsequent measurements of the lift force 
confirmed that a simple correction for the downwash of the 
finite wing is sufficient. Consequently, we carried out most 
of the detailed PIV measurements in the mid-span plane of 
the unswept wing. The normalized offset distance, defined 
as � =

(

yVI − yLE
)

∕c , was varied. Here, yVI is the initial 
cross-stream location of the vortex (the initial time is taken 
as U∞t∕c = 2 when the first measurements of the travel-
ling vortex is taken) and yLE is the cross-stream coordinate 
of the leading-edge of the wing (see the inset in Fig. 6). 
This figure presents the vortex trajectory by superimposing 
the vorticity fields at eight phases between U∞t∕c = 2 and 
5.5 for the unswept wing. The left column shows example 
cases for the weak vortex and the right column presents 
the cases for the strong vortex. In all cases, including the 
case of the head-on collision, there is a mild separation 
from the wing for the unloaded wing. For the negative 
offset distance, as well as for the zero offset, the trajec-
tory of the counter-clockwise incident vortex is deflected 
downwards, rather than remaining nearly parallel to the 
freestream as for the positive offset cases. This is due to 
the larger separation region that develops over the lower 
surface of the wing as will be discussed later.

The most important observation is that the phase-aver-
aged vortices become more diffused as they interact with 
the wing, especially for strong interactions. This occurs 
for larger circulation or smaller offset � . The variation of 
the circulation of the incident vortex at different times is 
shown in Fig. 7. The circulation is calculated based on 
the method described by Cleaver et al. (2011). A square 
path line around the incident vortex is defined in the flow 
field obtained by PIV measurements. The center of the 
square coincides with the vortex center which is defined 
as the location of the maximum vorticity. The square is 
then expanded by one spatial unit at a time and the circu-
lation is calculated by performing line-integration until 
the increase of the magnitude of circulation is small (less 
than 1%).

For both vortices, the circulation remains roughly 
the same or decays very slowly if the vortex travels at a 
distance from the wing, indicating weak interaction. In 
contrast, if the vortex becomes closer to the wing, much 
more rapid decay of the circulation is evident, which starts 

Fig. 5  Lift coefficient as a function of angle of attack in freestream 
for the airfoil, unswept wing and swept wing, and comparisons with 
the literature at Re = 20,000
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around U∞t∕c = 3.5 . (The only exception to this trend is 
the case of � = −0.2 (shown in Fig. 6d) for which the 
decay of the circulation appears to be delayed and the rea-
son remains unclear). At U∞t∕c = 3.5 , the vortex is just 

upstream of the leading-edge. As the calculation of the 
circulation is extended until it changes less than 1% over 
a large area, the general decline in the circulation as time 
advances could not be attributed to the vorticity diffusing 
outside of the area within which the circulation is being 
computed. We note that, for the close interactions with the 
wing, cross-cancellation of the vorticity might contribute 
to the rapid decay of the circulation.

Similar decay of the circulation of the incident vortex 
during close interactions with the wing at much higher 
Reynolds numbers were observed by Peng and Gregory 
(2015 and 2017). The results in Figs.  6 and 7 suggest 
that, even for those interactions that are not close such as 
in Fig. 6a, the incident vortex may be diffused (while the 
circulation remains less affected) when it starts interact-
ing with the wake of the wing. We note that these observa-
tions are valid for the phase-averaged vortex. The diffused 
nature of the phase-averaged vortices is likely to be due to 
the increasing three-dimensionality of the instantaneous 
vortices. It is well known that isolated two-dimensional 
vortices, when subjected to strain, may be unstable to the 
three-dimensional instabilities (Tsai and Widnall 1976; 
Waleffe 1990). Theoretical predictions of the wavelength 
of the three-dimensional instabilities of the isolated vorti-
ces were made in several investigations (Eloy and Le Dizès 

Fig. 6  Vortex trajectories for weak vortex Γ∕U∞c = 0.55 (left column) for a � = 0.8 , b � = 0.2 ; strong vortex Γ∕U∞c = 1.07 (right column) for c 
� = 0 , d � = −0.2

Fig. 7  Circulation of incident vortex during interaction with unswept 
wing, � = 0◦
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1999; Antkowiak and Brancher 2004; Pradeep and Hussain 
2006). A mechanism by which freestream disturbances are 
transformed into vortex core and excite the vortices has been 
recently proposed (Bölle et al. 2021). There is also evidence 
that secondary vortices and trailing-edge vortices cause dis-
turbances for the leading-edge vortices, which are mostly 
spanwise vortices (Son et al. 2022). In our case, the incident 
vortices are subject to disturbances due to other vortices or 
vorticity sheets, separation from the leading-edge, and the 
wing wake. The existence of the wing and its wake clearly 
affect the incident vortices.

In Fig. 8, the time history of the lift coefficient for the 
airfoil and the wing is compared for the normalized offset 
distances between � = −0.6 and � = 1.0 , with an increment 
of 0.2. Overall, the lift history looks similar for the airfoil 
and the wing. The lift coefficient is smaller for the wing 
due to the finite aspect ratio and the induced downwash of 
the tip vortices, which will be discussed further later. The 
positive peak lift occurs around U∞t∕c ≈3.5 for all cases 
for the airfoil and for the wing, which is due to the same 
arrival time of the vortex just upstream of the airfoil/wake. 
This is shown in Fig. 9a with the phase-averaged vorticity 
and velocity magnitude at the U∞t∕c = 3.5 for the strong 
vortex Γ∕U∞c = 1.07 and � = 0 . The incident vortex is just 
upstream of the wing at this instant (this can be confirmed 
for other offset distances in Fig. 6 for both vortices). There is 
no noticeable evidence of flow separation from the leading-
edge, while the streamlines around the wing are nearly par-
allel to the surface. Therefore, the positive peak is likely to 
be due to the potential flow mechanism. The peak lift coef-
ficients appear to increase with decreasing offset distance. 
This is also consistent with the assumption of the potential 

flow: the induced velocity by the incident vortex on the wing 
becomes maximum for the head-on collision ( � = 0 ) at this 
instant and produces maximum effective angle of attack for 
the wing.

The magnitude of the negative lift peak is larger than the 
positive peak for the unloaded airfoil and wing. The negative 
peak is broader and spans longer than one convective time 
scale. In Fig. 9b, we show the velocity and streamlines at 
U∞t∕c = 5. The incident vortex is about to reach the trailing-
edge of the wing. It is more diffused, but still able to produce 
a downwash on the wing and also to cause flow separation 
on the lower surface of the wing. The flow separation sug-
gests that viscous effects are important for the negative lift 
peak. The viscous effects and the magnitude of the negative 
peak lift are expected to decrease with increasing angle of 
attack (loaded wings).

Here, we develop a simple reduced order model to predict 
the positive peak lift and how it scales with the offset distance 
and the circulation of the incident vortex. It is based on the 
lumped vortex model (LVM) which was used to model the 
Wagner problem (Katz and Plotkin 2001). In the model, the 
incident vortex is released at the most upstream location for 
which we have the PIV data for and the cross-stream location 
yVI . We use the vortex location and circulation from the PIV 
measurement at each instant. In the lumped vortex model, it is 
assumed that there is no flow separation and vortex shedding 
from the leading-edge. The Kutta condition at the trailing-edge 
is assumed to be satisfied by placing the bound vortex (with 
circulation Γb ) at the quarter chord. The collocation point is 
at 0.75c (see the inset in Fig. 10). At each time step, a wake 
vortex with circulation Γw is released to satisfy the Kelvin’s 
theorem. The wake vortices are convected with the freestream 

Fig. 8  Time history of the lift coefficient as a function of dimensionless time for a airfoil, b finite unswept wing; strong vortex Γ∕U∞c = 1.07 , 
� = 0◦
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velocity. In addition, the zero normal flow boundary condition 
is satisfied at the collocation point at the plate’s three-quarter 
chord point, considering the bound vortex, induced velocity 
of the incident vortex, and the wake vortices. The Kelvin’s 
theorem together with the zero normal flow condition are used 
to calculate the strength of the newly released wake vortex and 
the instantaneous value of the bound vortex.

The lift per unit span (Katz and Plotkin 2001, page 384) is 
then calculated from

which includes two terms: �U∞Γb (quasi-steady lift) and 
�

�

�t

(

Γbc
)

 (unsteady contribution). In calculating the total lift 
force, we made an aspect-ratio correction, using the Prandtl’s 
lifting line theory and assuming an elliptical circulation vari-
ation, as the PIV data for the finite wing was used as input. 
Given the assumptions, the LVM predicts the lift time his-
tory qualitatively for two different cases in Fig. 10a. The 
positive peaks are overpredicted, whereas the negative peaks 
are underpredicted, perhaps due to the inability of capturing 
the viscous effects for the negative lift. The qualitative varia-
tion of the lift, the timings of the positive peaks, and the tim-
ing of the zero-lift are in reasonable agreement. The model 
captures the essential features and supports the assumption 
of the potential flow for the positive peak. (As noted earlier, 
the negative peaks, which are viscous-dominated, become 
less important with increasing angle of attack).

We made further assumptions in the lumped vortex model 
to predict the positive peak. The vortex trajectory remains 

L� = �

[

U∞Γb +
�

�t
Γbc

]

parallel to the freestream at the initial release location yVI (this 
assumption is close to the experimental observations). The 
effect of the wake vortices is numerically small as they convect 
downstream with freestream, and therefore neglected. Hence, 
the zero-normal-velocity condition at the collocation point dic-
tates that the bound vortex circulation is proportional to the 
incident vortex circulation, and also depends on its instantane-
ous location ( xV , yVI ). It can be calculated as:

Furthermore, we note that the total lift increases slowly 
in time as the vortex approaches the wing, at least until the 
lift becomes maximum. As the predicted quasi-steady lift 
appeared to be dominant (not shown here) compared to the 
unsteady effects, we assume that the lift is dominated by the 
quasi-steady lift:

When the lift becomes maximum at U∞t∕c = 3.5, the 
PIV data suggest that the incident vortex is located just 
upstream of the wing at a distance as 

(

xV − xLE
)

∕c = 0.3. 
To calculate the total lift, we used the span of the wing b 
and the correction for the aspect ratio (using the Prandtl’s 
lifting line theory and assuming an elliptical circulation 
variation) to arrive at:

Γb =
Γ

2

(

xV − xLE
)

∕c + 0.75
[(

xV − xLE
)

∕c + 0.75
]2

+ �
2

L� = �U∞Γb

Fig. 9  Vorticity (left) and velocity magnitude with streamlines (right) at a U∞t∕c = 3.5 , b U∞t∕c = 5 ; strong vortex Γ∕U∞c = 1.07 , � = 0 , 
� = 0◦



Experiments in Fluids (2022) 63: 124 

1 3

Page 11 of 25 124

This equation predicts that the maximum lift force is 
proportional to the circulation of the incident vortex. We 
note that the circulation is assumed to be constant in the 
model as there is negligible change in the circulation until 
the instant of the positive lift peak in the experiments (see 
Fig. 7). In contrast, the same cannot be said for the nega-
tive lift peak during which the circulation may decrease for 
close interactions. Interestingly, the viscous simulations 
of Martínez-Muriel and Flores (2020) at a low Reynolds 
number of Re = 1000 also predicts that the maximum lift 
change due to the interaction is roughly proportional to the 
incident vortex circulation. Our prediction is plotted with 
dashed lines in Fig. 10 and compared with the measure-
ments. For the two incident vortices we tested, the experi-
mental data appear to collapse well. The agreement with 
the low order model is fair for small offset distances, but 
becomes poor with increasing offset distances, particularly 
at the negative offset distances (vortex travelling over the 
lower surface of the wing) due to the stronger viscous 
effects.

Lpeak

�U∞Γb
=

0.39

1.052 + �
2

Although the prediction of the low order model is sym-
metric in Fig. 10b, the measurements show that there is 
slight asymmetry. The largest positive lift occurs at ε = 0.1 
for the strong vortex and at ε = 0.2 for the weak vortex. Simi-
lar asymmetries for a symmetric airfoil at higher Reynolds 
numbers were reported, with maximum pressure fluctuations 
occurring at small offset distances (Peng and Gregory 2017). 
This asymmetric effect can be explained by the different vis-
cous response of the boundary layers on the upper and lower 
surfaces when the vortex passes over. When the counter-
clockwise vortex passes over the upper surface, the bound-
ary layer flow is accelerated due to the induced velocity of 
the incident vortex. In contrast, when the incident vortex 
passes over the lower surface of the wing, its induced vortex 
decelerates the boundary layer and causes flow separation 
as shown in Fig. 9b.

Figure 11a, b show the variation of the maximum lift 
coefficients for the airfoil and the finite wing as a function 
of the normalized offset distance. For both vortices, the 
variations for the airfoil and the wing, including the local 
maximums at small nonzero offset distances, are similar. The 
maximum lift for the wing is smaller due to the downwash 
of the wing-tip vortex that develops during the interaction 
over the wing at � = 0◦.

Fig. 10  a Comparison of the lumped vortex model (LVM) and measurements for the time history of the lift coefficient for two cases; b normal-
ized peak lift force as a function of the normalized offset distance
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The ratio of the positive lift peaks for the wing/airfoil for 
which we presented a low order model earlier is shown in 
Fig. 11c. As expected, the ratio is almost always less than 
unity. For our low order model, the ratio of the maximum 
lifts is shown with the horizontal dashed line in this fig-
ure and corresponds to the aspect ratio correction. This 
correction is derived from the lifting line theory, which is 

developed for steady aerodynamics. It is interesting that the 
measured lift ratios are not too far away from the quasi-
steady prediction. This is consistent with our assumption of 
quasi-steady flow for the positive peaks.

Fig. 11  Peak lift coefficients for a airfoil, b finite unswept wing, and c the ratio of the peak lift of the wing and the airfoil, � = 0◦

Fig. 12  Isosurfaces of spanwise vorticity �c∕U∞ = ±6,±9,±12 from the PIV data; strong vortex Γ∕U∞c = 1.07 , � = 0.4 , � = 0◦
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3.1.2  Swept wing

Iso-surfaces of spanwise vorticity obtained from the PIV 
measurements and interpolated are shown in Fig. 12 at dif-
ferent times U∞t∕c for the strong vortex Γ∕U∞c = 1.07 , 
� = 0.4 , � = 0◦ and the swept wing ( Λ = 40◦ ). The incident 
vortex interacts with the wing near the root first and then 
gradually at outboard wing sections later. One can see the 
opposite sign of vorticity (in blue) downstream of the inci-
dent vortex, which suggests weak separation on the wing as 
the angle of attack is zero. As the vortex filament interacts 
with the wing, the part above the wing induces local flow 
separation while multiple vortices (in blue) shed from the 
wing that are parallel to the incident vortex (this is most 
visible at U∞t∕c = 3.5). Meanwhile, the inboard part of 
the incident vortex filament diffuses rapidly as soon as it 
is above the wing wake. This produces a partially diffused 
vortex inboard and still coherent vortex outboard. We do 
not have measurements of the flow in the spanwise direction 
from 2D-PIV measurements at multiple spanwise planes. 
However, there is no evidence of significant spanwise flow 
in the incident vortex in the volumetric measurements that 
will be presented for the loaded wings later. In summary, the 
interaction presented in Fig. 12 can be described as a local 
interaction of the vortex filament with the parts of the wing. 
This suggests that a strip theory approach in which for each 
local section there is a two-dimensional interaction may be 
appropriate.

Figure 13 shows the iso-surfaces of spanwise vorticity 
superimposed at all measurement times U∞t∕c for the 
weak (left column) and strong vortex (right column) and 
various offset distances. In Fig. 13, for the purpose of clar-
ity, the opposite sign of vorticity due to the weak separa-
tion has been excluded. Pseudo-trajectories for all cases 
exhibit strong three-dimensionality and rapid diffusion of 
the inboard part of the vortex filaments (and this becomes 
significant in the near-wake), whereas the outer part remains 
intact before the interaction with the wing. The approaching 
incident vortex remains nearly-two-dimensional and shows 
little diffusion before the interaction, even for the head-on 
collision case shown in part (d). Overall, Fig. 13 confirms 
that the interaction appears to be quasi-two-dimensional in 
the sense that at each spanwise plane the interaction remains 
unaffected by the other spanwise planes.

We compare the time history of the lift coefficient for var-
ious offset distances for the unswept wing and swept wing in 
Fig. 14a, b, respectively. The most important observations 
are the decrease of the peak lift, broadening of the positive 
peak, and the decreasing temporal gradients for the swept 
wing during the interaction. For the same offset distance, 
swept wing cases have smaller peaks and a more gradual 
variation in lift time history. This can be explained by the 
fact that each spanwise section of the wing experiences the 

interaction with the vortex at different times. This results in 
not only a decrease in the peak lift force, but also a gradual 
build-up of the lift force until the peak is reached followed 
by a slower decrease of the lift. We applied the strip theory 
to the lift data of the unswept wing for each cross-section, 
while taking into account the different arrival times of the 
vortex to different locations of the leading-edge in each 
cross-section, and thus introducing a time delay. This time 
delay was calculated using the measured convection speed 
(around 0.99U∞) from the trajectory of the vortex. The total 
lift was calculated by integrating the local lift at each cross-
section. The results of the strip theory shown in Fig. 14c, d 
capture the essential trends of the swept wing.

The peak lift coefficients for the unswept and swept wings 
are shown in Fig. 15a, b. The positive peaks are higher for 
the unswept wing as expected, since the vortex is almost 
parallel to the leading-edge. In contrast, there is little effect 
of the wing sweep on the negative lift peaks. Similar mag-
nitudes for both wings are likely to be due to the dominance 
of the viscous mechanism and flow separation on the lower 
surface which is caused by the downwash of the incident 
vortex when it is downstream of the wake. In Fig. 15c, the 
ratio of the positive peaks is compared for the wings. Here 
the dashed line corresponds to the “independence principle”. 
This principle relies on the assumption that flow normal to 
the leading-edge determines the lift (see for example, Kuethe 
and Chow 1998), which implies:

It is interesting that, although the independence principle 
was developed for steady aerodynamics, the peak lift ratio 
in our experiments for an unsteady flow is not far away from 
the prediction of this principle.

3.2  Loaded wings (α ≠ 0°)

3.2.1  Effect of aspect ratio

For the unloaded wings (α = 0°), the main feature was that 
the flow separation from the wing was negligible during the 
vortex interaction. We may expect that flow separation from 
the leading-edge and formation of leading-edge vortices 
will occur with increasing angle of attack. In Fig. 16 (left 
column), the vorticity fields at U∞t∕c = 5 , when the vortex 
just passed the airfoil are shown for (a) � = 0◦ , (b) � = 5◦ 
(pre-stall), (c) � = 10◦(near stall), (d) � = 15◦ (post-stall), for 
the weak vortex Γ∕U∞c = 0.55 and � = 0.6 . At this instant, 
the incident vortex is diffused as it is already in the near-
wake. For this particular offset distance and the vortex, flow 
separation and vortex formation are already identifiable at 

CL,Λ=40◦

CL,Λ=0◦
= cos2Λ = cos240◦ = 0.59
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� = 10◦ near the stall angle. With increasing angle of attack, 
the incident vortex appears to have travelled slightly fur-
ther downstream. This is likely to be due to the increasing 
strength of the clockwise bound vortex with increasing angle 
of attack. At the post-stall angle of attack of � = 15◦ , Fig. 16 
reveals clear formation of the leading-edge vortices. In this 
case, the first LEV forms a vortex couple with the incident 
vortex and sheds while a second LEV develops. On the right 
column of Fig. 16, we superimpose the vorticity fields at dif-
ferent times and form trajectories for corresponding angles 
of attack. In all cases, the diffusion of the incident vortex as 

it has passed the airfoil is apparent. Only for the post-stall 
angle of attack, there is some deviation from being nearly 
parallel to the freestream and a slight upward deflection of 
the trajectory due to the separated region on the airfoil.

The volumetric velocity measurements were compared in 
Fig. 17 for the airfoil and the wing cases at � = 10◦ and for 
the same conditions as above (weak vortex Γ∕U∞c = 0.55 , 
� = 0.6 ). The iso-surfaces of Q∗ = Qc2∕U2

∞
= 5, 35, 50, 70 , 

coloured by spanwise vorticity, is shown at (a) U∞t∕c = 3.5 , 
(b) U∞t∕c = 4 , and (c) U∞t∕c = 4.5 , for the airfoil 
(left) and the wing (right). The incident vortex is nearly 

Fig. 13  Iso-surfaces of spanwise vorticity superimposed at all phases for weak vortex Γ∕U∞c = 0.55, a � = 0.8 b � = 0.2 (vorticity lev-
els �c∕U∞ = 4, 8, 12 ); and for strong vortex Γ∕U∞c = 1.07, c � = 0.4 , d � = 0 , e � = −0.2 (vorticity levels �c∕U∞ = 6, 9, 12 ); � = 0◦ ; data 
obtained with the PIV method
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two-dimensional throughout the interaction as it approaches 
and reaches near the trailing-edge for both the airfoil and the 
wing. The effect of the wing-tip vortex on the incident vortex 
is not noticeable near the wing-tip. However, the effect of the 
wing-tip is visible in the development of the leading-edge 
vortex shedding from the wing. This is best seen underneath 
the incident vortex in part (b) at U∞t∕c = 4 . The LEV is 
anchored at the wing-tip while the inner part remains paral-
lel to the leading-edge. The shape of the leading-edge vortex 
filament is very similar to those found for a plunging wing 
in transient or periodic motion at high reduced frequencies 
(Son et al. 2022).

Figure 17 also suggests that, at each instant, the incident 
vortex is slightly slower for the wing (as it is slightly more 
upstream) than for the airfoil. This is likely to be due to the 
smaller strength of the bound vortex for the wing. Because 

of the finite aspect ratio and the downwash of the tip vor-
tex, the bound vortex is expected to be smaller.

Figure 18a shows examples of the time history of the lift 
coefficient for the airfoil at � = 0◦ , � = 5◦ (pre-stall), and 
� = 15◦ (post-stall) for the weak vortex Γ∕U∞c = 0.55 and 
� = 0.6. The timing of the positive peaks is similar for all 
cases as it is reached when the vortex arrives to the imme-
diate upstream of the wing. The overall shapes of the time 
history appear to be shifted vertically for different angles 
of attack. Figures 18b, c and d present the ratio of the posi-
tive lift peaks for the wing and the airfoil at � = 0◦ , � = 5◦ 
(pre-stall), and � = 15◦ (post-stall) as a function of the nor-
malized offset distance for both vortices. The ratio is less 
than unity for the unloaded wings as well. Again, the aspect 
ratio correction based on the lifting line theory for steady 

Fig. 14  Lift coefficient time history for a unswept wing, b swept wing; comparison of the measured lift time history and the strip theory for c 
� = 0 , d � = 0.4 . For strong vortex Γ∕U∞c = 1.07 ; and � = 0◦  
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aerodynamics (shown with the dashed lines) provides a 
rough estimate for the maximum positive peaks.

It is remarkable that, even for the loaded airfoil (and the 
unswept wing), the maximum lift induced by the interac-
tion with a single transient vortex can be estimated with 
the quasi-steady approach. The single transient vortex has 
large velocity fluctuations that are localized. The temporal 
gradients are large, but the spatial gradients are confined to 
a small region. In other words, the length scale of the vorti-
cal gust is small, but has large temporal gradients. It will 
be interesting to make a comparison with plunging airfoils 
for which the length scale is very large (corresponding to 
an infinite wavelength of a travelling gust), for which the 
temporal gradients are felt uniformly everywhere and along 
the whole chordline. In order to make a comparison with the 
plunging airfoils in transient motion (Bull et al. 2021), we 
calculated the ratio of the maximum plunge velocity Vp,max to 
the freestream velocity, and found the equivalent maximum 
gust angle as:

The change in the lift coefficient, defined as,

is plotted in Fig. 19a as a function of �gust, max for the tran-
sient plunging airfoil data (Bull et al. 2021, shown with 

�gust,max = tan−1
(

Vp,max∕U∞

)

ΔCL,max = CL,max − CL,freestream

circles) and our data for the transient travelling vortical 
gust (shown with triangles). The maximum gust velocity 
was obtained from the phase-averaged PIV data shown in 
Fig. 2b. The travelling gusts in the present experiments 
have large local gust angles but produce much smaller lift 
increase due to their smaller length-scale.

Another parameter to quantify the unsteadiness is the 
time rate of the gust velocity. In our case, the dimension-
less rate of the gust angle can be defined as:

Again, the velocity profiles of the vortices shown in 
Fig. 2b were used for the calculations. Correspondingly, 
the parameter K was calculated for the transient plunging 
motions for the data of Bull et al. (2021). The change of 
the lift coefficient normalized by the maximum gust angle 
is shown in Fig. 19b as a function of the non-dimensional 
rate of the gust angle K  . In comparison to the plunging 
airfoils, the travelling gusts in our experiments have much 
larger unsteadiness, but much smaller lift change per gust 
angle regardless of whether the baseline flow is attached 
or separated. This may be because the effect of the gust 
(vortex) will not be felt on the whole wing chord. In addi-
tion, the maximum positive lift force is reached before 
the vortex starts to interact closely. This may explain the 

K =

(

d�gust

dt

)

max
c

2U∞

Fig. 15  Peak lift coefficient for a unswept wing, and b swept wing as a function of offset distance, and c the ratio of the peak lift coefficients of 
the swept wing and unswept wing, � = 0◦
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paradoxical result that the maximum positive lift can be 
estimated with the quasi-steady approach.

3.2.2  Effect of wing sweep

For the loaded wings, the wing sweep could encourage the 
formation of the leading-edge vortices with spanwise flow 
during the interaction as the angle of attack is increased. 
In Fig. 20, the trajectory of the incident vortices is shown 
by superimposing the vorticity fields at different times for 
(a) � = 0◦ , (b) � = 5◦ , (c) � = 15◦ and the strong vortex 
Γ∕U∞c = 1.07 , � = 0.4 in the mid-span plane. Intense flow 
separation and formation of strong leading-edge vortices at 
nonzero angles of attack are facilitated by the strong incident 

vortex in these examples. The nature of the leading-edge 
vortex filaments and the three-dimensionality of the flow due 
to the wing sweep are likely to affect the gust response. The 
isosurfaces of the spanwise vorticity �c∕U∞ = ±6,±9,±12 
for the swept wing, superimposed at different times, are 
shown for the same angles of attack, the same vortex 
strength and the same offset distance in Fig. 21.

The top views (left column) and the isometric views 
(right column) in Fig. 21 reveal that as the angle of attack 
increases, the nature of the leading-edge vortex shedding 
changes. At zero angle of attack, the leading-edge vortices 
induced by the incident vortex travels parallel to the inci-
dent vortex. (The time history of the phase-averaged flow is 
shown in Fig. 12 at different times for this case). In contrast, 

Fig. 16  Vorticity fields at U∞t∕c = 5 (left column) and vortex trajectories (right column) for airfoil interacting with weak vortex Γ∕U∞c = 0.55 , 
� = 0.6 for a � = 0◦ , b � = 5◦ , c � = 10◦ , d � = 15◦ ; data obtained from the PIV measurements
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for the post-stall angle of attack of � = 15◦, the leading-edge 
vortices appear to develop parallel to the leading-edge. For 
� = 5◦ , it is likely to be a mix of the two modes. For all 
cases, the incident vortex remains nearly-two-dimensional 
before the interaction with the wing. However, the inboard 
part of the incident vortex is highly diffused and weakened 
for all three angles of attack. For the largest angle of attack, 
the isometric view of the incident vortex reveals the substan-
tial deformation and deflection downwards.

Figure 22 presents the time history of the lift coefficient 
for varying offset distances at (a) � = 0◦ , (b) � = 5◦ (pre-
stall), and (c) � = 15◦ (post-stall) for the strong vortex. In 
all cases, the shape of the lift history looks similar. The tim-
ings of the positive and negative peaks are the same for all 
cases and angles of attack. The difference between the posi-
tive peak and the negative peak (peak-to-peak amplitude of 
the lift) decreases with increasing angle of attack. This is 
presumably due to the decreasing flow separation on the 
lower surface and attenuated negative lift, which is normally 
dominated by the viscous effects.

The peak lift coefficients corresponding to the maximum 
and minimum values in the time history are shown in Fig. 23 
as a function of the normalized offset distance for both the 
strong and weak incident vortex. Here, the dashed lines show 
the corresponding lift coefficient in freestream at each angle 
of attack. The peak-to-peak amplitude is maximum near the 
zero offset distance and decreases with increasing angle of 
attack. For the largest angle of attack, the minimum lift coef-
ficient is positive for the weak vortex, but only positive for 
the strong vortex when the vortex is far away from the wing. 
These are indications of decreasing viscous effects on the 
lower surface of the wing. Focusing on the positive peaks for 
which the inviscid mechanism is believed to be dominant, 
they are roughly symmetric with the offset distance for small 
angle of attack, but become clearly asymmetric for the larg-
est angle of attack. In this case, the decay of the positive lift 
coefficient with � is different for positive and negative offset 
distances. It appears that, for positive offset distances, there 
is always larger peaks than for the negative offset distances.

This is illustrated in Fig. 24 by plotting the ratio of the 
positive peak lift coefficients of the swept wing and the 

Fig. 17  Comparison of iso-surfaces of Q∗ = 5, 35, 50, 70 , coloured by spanwise vorticity, at a U∞t∕c = 3.5 , b U∞t∕c = 4 , c U∞t∕c = 4.5 , for the 
airfoil (left) and the wing (right) and weak vortex Γ∕U∞c = 0.55 , � = 0.6 , � = 10◦ ; data obtained from the volumetric velocity measurements
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unswept wing. Again, the dashed lines correspond to the 
“independence principle”. For small angles of attack, the 
measured ratio is not too far away from that of the inde-
pendence principle. In contrast, there is increased lift for 
the unswept wing at the largest angle of attack for all offset 
distances. We think that the induced upwash of the counter-
clockwise vortex as it approaches the wing produces lead-
ing-edge vortex on the upper surface of the swept wing. This 
results in larger peak lift than the estimate of the independ-
ence principle.

The vortex-wing interaction for the swept wing at 
� = 15◦ was investigated further using the PIV and volu-
metric 3-component velocity measurements for the strong 
vortex Γ∕U∞c = 1.07 and � = 0.4 . Figure 25 presents the 
iso-surfaces of the spanwise vorticity obtained from the PIV 
measurements in multiple spanwise planes. We note that for 
this angle of attack, the flow is already separated near the 

leading-edge in the absence of the incident vortex. Conse-
quently, there is already flow separation near the leading-
edge at U∞t∕c = 2 when the incident vortex is upstream of 
the wing. This is in contrast with the case of � = 0◦ shown 
in Fig. 12 for the same vortex strength and offset distance. 
In Fig. 25, as the incident vortex moves over the wing there 
is always flow separation from the leading-edge downstream 
of the incident vortex (outboard sections of the wing). How-
ever, upstream of the incident vortex (inboard sections of 
the wing), flow separation is not visible, which is due to the 
downwash of the incident vortex. The spanwise extent of the 
flow separation at the leading-edge, confined between the 
leading-edge section just below the incident vortex and the 
wing-tip, shrinks as the incident vortex travels over the wing. 
Even at the last instant shown U∞t∕c = 5.5, there is still no 
flow separation established behind the incident vortex, indi-
cating that its downwash still suppresses the flow separation.

Fig. 18  a Comparison of lift time history for airfoil with weak vortex Γ∕U∞c = 0.55 , � = 0.6 at various � ; the ratio of the positive lift peaks of 
the wing and the airfoil for b � = 0◦ , c � = 5◦ , d � = 15◦
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It is also noticed in Fig. 25 that a second region of vor-
ticity downstream of the incident vortex starts to develop 
from near the root. Unlike the first stationary vorticity 
region near the leading-edge, the second region of vor-
ticity travels with the incident vortex while remaining 
always downstream of the incident vortex over the out-
board sections of the wing. The iso-surfaces of Q* shown 
in Fig. 26 between U∞t∕c = 3 and 4.5 confirm that the 
region of vorticity moving with the incident vortex is a 
leading-edge vortex. In contrast, the stationary region of 
vorticity near the leading-edge observed in Fig. 25 does 
not appear in the Q-surfaces, confirming that this region 
corresponds to the separated shear layer, but is not a 
“leading-edge vortex”. The isosurfaces of Q* in Fig. 26 
are coloured by the spanwise velocity w∕U∞ and w�∕U∞ . 
Here, w∕U∞ is the spanwise velocity in the incident vor-
tex along the z-spanwise axis and w�∕U∞ is the spanwise 
velocity along the axis parallel to the leading-edge of the 
wing. For both definitions of the spanwise velocity, the 
positive velocity is in the outboard direction. There is 
negligible spanwise flow in the incident vortex upstream 
of the wing and during the interaction with the wing. In 
contrast, there is strong spanwise flow in the leading-edge 
vortex, especially in the inboard parts of the vortex fila-
ment. The outboard parts of the vortex filament exhibit 
characteristics of vortex breakdown. The angle between 
the axis of the leading-edge vortex at U∞t∕c = 3 and the 
freestream direction is slightly larger than the wing sweep 
angle. The leading-edge vortex is nearly parallel to the 
wing leading-edge at U∞t∕c = 3.5 and 4.0, but later in the 
wake becomes nearly parallel to the incident vortex. It is 
clear that the leading-edge vortex sheds and travels down-
stream. In other words, we do not observe a stationary 

Fig. 19  Variation of a lift coefficient increase with maximum gust angle, and b change of lift coefficient normalized by the maximum gust angle 
as a function of non-dimensional rate of gust angle K  

Fig. 20  Vortex trajectory at the midspan plane of the swept wing for 
various angles of attack a � = 0◦ , b � = 5◦ , c � = 15◦ ; strong vortex 
Γ∕U∞c = 1.07 , � = 0.4
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leading-edge vortex attached to the wing surface, at least 
for this sweep angle, as we would for traditional delta wing 
vortices. Such vortices can remain attached to the wing 
during an unsteady motion.

4  Conclusions

The interaction of a nearly two-dimensional vortical gust 
with airfoils, finite unswept and swept wings was investi-
gated in a water tunnel investigation. A single vortex was 
produced by plunging an upstream airfoil fast and then 

bringing it to a complete stop slowly. This transient plunge 
motion effectively generated a single counter-clockwise vor-
tex during the high plunge velocity phase, which travelled 
with a convection speed that is approximately equal to the 
freestream velocity. In contrast, the vorticity layer of the 
opposite sign shed from the upstream airfoil did not roll up 
during the slow plunge velocity phase. The phase-averaged 
PIV as well as volumetric three-component velocity meas-
urements confirmed that the vortical gust is nearly uniform 
in the spanwise direction. The offset distance of the vortex 
center from the airoil/wing leading-edge in the cross-stream 
direction as well as the angle of attack of the airfoil/wing 

Fig. 21  Iso-surfaces of the spanwise vorticity �c∕U∞ = ±6,±9,±12 for the swept wing, superimposed at different times, for a � = 0◦ , b � = 5◦ , 
c � = 15◦ ; strong vortex Γ∕U∞c = 1.07 , � = 0.4 . Top view (left column) and isometric view (right column)
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were varied. The interaction of the incident vortex with the 
wing, the turbulent diffusion of the incident vortex, genera-
tion of the leading-edge vortices from the wing, the span-
wise flow in the incident vortex and the leading-edge vortex, 
and the scaling of the peak lift coefficients for the airfoil, 
unswept wing and the swept wing were discussed.

For unloaded airfoils and wings (set at zero angle of 
attack), flow separation from the leading-edge is not notice-
able as the vortex approaches. There might be weak flow 
separation if it is a close interaction. Generally, there is 
turbulent diffusion of the incident vortex as the interaction 

becomes closer and stronger. The turbulent diffusion 
becomes faster as the vortex leaves the trailing-edge and 
moves onto the wake. It is suggested that other vortices, 
flow separation and wake produce disturbances and may 
cause instabilities in the incident spanwise vortex. There is 
no evidence of significant spanwise flow developing in the 
incident vortices, even for the interaction with the swept 
wing. The measurements show that the turbulent diffusion 
remains limited to the sections of the spanwise vortex that 
already interacted with the swept wing.

Fig. 22  Time history of lift coefficient for the swept Λ = 40◦ wing at various angles of attack a � = 0◦ , b � = 5◦ , c � = 15◦ ; strong vortex 
Γ∕U∞c = 1.07.

Fig. 23  Peak lift coefficients for the swept Λ = 40◦ wing as a function of the normalized offset distance at various angles of attack a � = 0◦ , b 
� = 5◦ , c � = 15◦ for both incident vortices
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As the counter-clockwise vortex approaches the airfoil 
or wing, it generates a positive peak lift. The positive peak 
occurs when the vortex is roughly five vortex core radius 
from the leading-edge. At this instant, there is no evidence 
of flow separation from the leading-edge even for the zero 
offset case. We suggest that the positive peak is inviscid in 
nature. A simple reduced order model based on the lumped 
vortex model can predict the qualitative variation of the 
unsteady lift history and the magnitude of the positive peak. 
Furthermore, by assuming that the quasi-steady lift is domi-
nant, we are able to predict that the peak lift force is pro-
portional to the circulation of the incident vortex and has a 

maximum for the zero offset distance. These predictions are 
in reasonable agreement with our data. Unlike the positive 
peak, the negative lift is generated as the incident vortex has 
passed the wing and continues to produce downwash on the 
wing. The duration of the negative lift is relatively longer. 
The viscous effects become important as the flow separation 
on the lower surface of the wing occurs. The reduced order 
model, which is inviscid in nature, is less successful for the 
negative peak lift. The time history of the lift for the airfoil 
and the unswept wing are similar, including the timing of 
the peak lift coefficients. However, the maximum lift of the 
wing is smaller due to the downwash of the finite wing. The 

Fig. 24  Ratio of the positive peak lift coefficients of the swept and unswept wing as a function of the normalized offset distance for a � = 0◦ , b 
� = 5◦ , c � = 15◦

Fig. 25  Iso-surfaces of spanwise vorticity �c∕U∞ = 6,±9,±12 at different times for the strong vortex Γ∕U∞c = 1.07 , � = 0.4 , � = 15◦ ; data 
obtained from the PIV measurements



 Experiments in Fluids (2022) 63: 124

1 3

124 Page 24 of 25

positive lift peak can be estimated by using an aspect ratio 
correction developed for steady aerodynamics, which sup-
ports the hypothesis of the quasi-steady interaction.

The interaction with the swept wing at each spanwise 
plane appears unaffected by the other spanwise planes. As a 
result, the strip-theory approach for the swept wing captures 
the main features of the unsteady lift. The decrease of the 
peak lift and the temporal gradients for the swept wing is 
the main feature of the observations. Interestingly, the posi-
tive peak lift can be estimated by using the independence 
principle, which was developed for steady aerodynamics.

For the loaded airfoil and unswept wing, flow separation 
and formation of a leading-edge vortex become more pro-
nounced with increasing angle of attack. Yet, the positive 
peak lift force is attained before the vortex starts to interact 
with the wing, similarly to the unloaded airfoils and wings. 
Again, the aspect ratio correction based on the lifting line 
theory for steady aerodynamics provides a rough estimate 
for the maximum positive peaks. Overall, the incident vor-
tices generated in the present experiments produce large 
velocity fluctuations but cause small lift changes due to their 
small length-scale compared to the wing chord line.

For the loaded swept wing, as the angle of attack 
increases, the nature of the leading-edge vortex shedding 
changes. The shedding of the leading-edge vortices is 
parallel to the incident vortex at small incidences. In con-
trast, the shedding becomes parallel to the leading-edge of 
the wing at the post-stall angle of attack. As the incident 
counter-clockwise vortex approaches the wing, it induces 
upwash. The separated shear layer rolls up into leading-
edge vortex, which travels with the incident vortex while 

always remaining downstream of the incident vortex. There 
is also evidence of significant spanwise flow developing in 
the leading-edge vortex. A stationary leading-edge vortex 
attached to the wing surface is not observed, at least for this 
sweep angle. Nevertheless, the parallel shedding process of 
the leading-edge vortex over the wing results in larger peak 
lift force than predicted by the independence principle.
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