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Abstract
Purpose – Wingtip loss is an existing type of transport aircraft hazard which is a real threat to flight safety caused by a missile strike, underwing
engine explosion or impact with obstructions when performing near-ground operations. The primary effect of the wingtip loss is an asymmetric
rolling moment, which may result in the fatal loss of control for the aircraft. This study aims to assess whether aerodynamic degradation will cause a
wing-damaged transport aircraft to lose its balance under a certain level of wing damage and if a pilot can compensate for the loss of aerodynamic
force and regain the balance of the aircraft.
Design/methodology/approach – In this paper, experimental and numerical studies were conducted to investigate the aerodynamic characteristics of
a wingtip-lost transport aircraft in landing configuration. Various levels of wing damages including wingtip, slat and flap loss were considered. The
numerical simulations were performed with ANSYS Fluent. The computational fluid dynamics calculation was validated by wind tunnel tests.
Findings – The aerodynamic performance of the aircraft with wing-damaged condition was presented. It was revealed that the wingtip loss leads to
an asymmetric rolling moment and a reduction of the lift force, which affects the balance of the transport aircraft. The methods to compensate for
the lift force and the asymmetric rolling moment were investigated for a safe landing. The lateral balance cannot be maintained in cases with
serious damage on the wing (larger than 53% of the semi-span) or moderate damage on the wing with loss of slats and flaps.
Originality/value – The nonlinear results indicate the importance of aerodynamic assessment for the sake of training pilots to properly handle the
hazard situation and explore the critical facts leading to the air crash.
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Nomenclature

Symbols
CL = lift coefficient;
Cd = drag coefficient;
Cl = rolling moment coefficient;
DCl = incremental lift coefficient;
a = angle of attack, deg; and
b = angle of sideslip, deg.

Introduction

Loss of control is the main reason for fatal aircraft accidents
worldwide (Belcastro and Foster, 2010). There are many factors
leading to the loss of control of an aircraft. One of the most
frequently seen situations is when one part of the aircraft is lost
owing to unexpected collisions; the aircraft is unable tomaintain its
balance and leave the aircraft crew with limited control possibility

(Interstate Aviation Committee, 2011). We have seen all sorts of
collisions happen, for example, collisions with a bird (DeVault
et al., 2013) or even another aircraft (Leone, 2014). There are also
other causes leading to structural damage of an aircraft, for
example, terrorist attackswith amissile strike or explosion.
For a transport aircraft, structural damage can happen to any

part of the aircraft.Most of the lift force is generated by the wings.
The wings are also the part that can be easily involved in a
collision, as they are stretching long and outward. Hence, wingtip
loss can be considered as major structural damage on a transport
aircraft that will be studied in this paper.Moreover, many control
surfaces are located on the wings, such as the aileron, the slats
and the flaps. If the damage is caused to the control surfaces of
the aircraft, it will make it even more difficult to land safely with
less functional parts to dynamically control the aircraft.
After some parts of the aircraft are damaged, there may be

still chances that the flight crew could manage to land the
aircraft safely. For example, in 1965, a Boeing 707-321B with
153 people on board experienced an explosive disintegration of
the third stage turbine disk of the outer right engine shortly after
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take-off. About 25 feet of the right wing and the aileron broke
off from the airplane because of the explosion and fire. Still, the
flight crew made a successful emergency landing (ASN
Accident Database, 2019). Therefore, to study the control
capability after wingtip loss of an aircraft can be of great
importance because that could guide proper and timely
reaction to an urgent situation. In addition, the assessment of
the aerodynamic characteristics can be useful for air-crash
reconstruction, especially in a circumstance that the flight data
are not complete or lost, for example, the black box cannot be
found or is severely damaged. Furthermore, combining with
the six degree of freedom (6-DOF) methodology,
reconstruction of the trajectory of the aircraft or the separated
wingtip can be reconstructed (Ding and Binienda, 2018).
NASA conducted studies to reduce the fatal accident rate by

developing a flight simulation with aerodynamic coefficients for
different airframe damage situations (Frink et al., 2010; Guo and
Litt, 2007).Many wind tunnel tests, and the computational fluid
dynamics (CFD) assessments, were presented byNASALangley
Research Center as a comprehensive analysis of airframe damage
problems. Shah (2008) conducted wind tunnel tests to
investigate the aerodynamic effects of airframe damage including
partial or total loss of the wing, horizontal tail and vertical tail of a
commercial transport aircraft. Various ways to compensate for
the lift loss and the resultant rolling asymmetry were also
discussed. Foster et al. (2005) conducted wind tunnel tests to
validate and improve their transport aircraft simulator used for
modeling upset behaviors. The effects of the aerodynamic
asymmetries, directional control power, Reynolds number, time-
dependent and rate damping on the lateral stability were studied.
Shah andHill (2012) conducted an assessment of the continued-
flight capability of transport aircraft with wing damage including
flap loss, slat loss, 25% wingtip loss and a hole in the middle of
the wing. Murch and Foster (2007) presented CFD simulation
results to investigate aerodynamic modeling methods for the
prediction of post-stall flight dynamics of large transport aircraft.
The various methods for predicting steady spin motions were
assessed by preliminary wind tunnel validation data.
However, the specific research on aerodynamic degradation

of wing-damaged transport aircraft in landing configuration is
still not extensive. Jørgensen (2014) presented CFD study for
the aerodynamic characteristic of a wing-damaged full-scale
Tu-154M and its critical speed for landing. Krzysiak (2019)
generated wind tunnel test at the Institute of Aviation (IL) in
Poland using a 1:40 scale model of the 37.55 meters spanned
Tu-154M.Nevertheless, Jorgensen’s work was not validated by
the wind tunnel data, and Krzysiak’s paper only investigated
the influence of damage by using wind tunnel method, so there
is some disconnect between both studies. This study expanded
Jorgenson’s work with more configurations and conditions, for
example, the cases with slat, flap and 29% wingtip loss, and the
condition with a sideslip, individually using one side aileron or
spoiler. Also, the 1:100 wind tunnel test used in this work was
discussed with Krzysiak and was later used by him as a
precursor for his 1:40 scale model wind tunnel tests. Finally,
the CFD results were validated by the wind tunnel data, and
the method was applied for more complex configurations and
conditions demonstrating faster and less expensive
methodology.

A statistic of the accidents that happened in different phases
of flight such as take-off, route (cruise) and landing from the
National Transportation Safety Board (NTSB) database 2013–
2016 (NTSB, 2019) for commercial transport is shown in
Figure 1. It indicates that the accidents that happened in the
landing phase take a significant proportion, about 20%,owing to
the relatively low speed of the aircraft in landing and deployed
high-lift devices, such as slats and flaps to acquire sufficient lift
force. This study focuses on the landing configuration including
the slats, flaps, ailerons and landing gears.
In this study, the aircraft in landing configuration with

various wingtip damages on the left wing was under
consideration, while the no-damaged case was also studied as
the baseline. Wind tunnel test results with 1:100 scale model
were correlated using CFD simulations. Similar wind tunnel
test data generated by the Institute of Aviation (IL) in Poland
(Krzysiak, 2019) using 1:40 scale of the same aircraft was also
used for comparison. TheCFD calculations were also validated
by the flight test data and wind tunnel test results from this
study and independent work by IL. The variations of lift force,
drag force and asymmetric rolling moment with respect to the
angle of attack and sideslip were investigated for different
damage situations. The methods to compensate for the lift
force and the asymmetric rolling moment were also
investigated for the possibility of a safe landing.

Wind tunnel test and computational fluid
dynamics simulation

Wind tunnel tests were conducted using 1:100 scale of the
commercial transport configuration. The wingtip damage
conditions are shown in Figure 2, in which 29% and 53% of
the length of the left wing was assumed to be lost, respectively.
The span and the length of the baseline test model are 400mm
and 503mm, respectively. The spans of the two damaged
models are 348mmand 303mm, respectively.
The aircraft models under test were built by 3D-printing

which largely shortens the time of preparing the test model. As
the material of the model is plastic, to make sure there is no
aeroelastic issue during the test, a high-speed camera was used
to monitor the displacement of the wingtip. The video shows
that little deformation can be observed.
The Aerolab wind tunnel in the University of Akron and its

test section are shown in Figure 3. It is an open-circuit, close-

Figure 1 Phase of flight for transport aircraft, 2013–2016 (NTSB US
Civil Aviation Accident Statistics)
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section subsonic wind tunnel. The test section is 51 cm (20)’
high, 71 cm (28)’ wide and 122 cm (48)’ long. The top test
speed can reach 125mph (56m/s), about 0.17 Ma. The pitch
angle range is from �19° to 30°, and the sideslip angle range is
from �29° to 29°. Tests were conducted at the undisturbed
flow velocity of 30m/s and 40m/s, corresponding to Reynolds
number of 1.16� 105 and 1.54� 105 based on the mean
aerodynamic chord. Three-component forces and the rolling
moment were acquired using an internal strain-gauge balance
and a torque sensor, respectively. The measurement accuracy
is60.01 for all components. The range of angle of attack is 0°–
18°, while the sideslip angle is kept as 0°.
The numerical model was generated as the real size of Tu-

154M in landing configuration. The wingspan is 37.55m, the
length is 47.92m and the height is 11.4m. The geometry is
built by Jorgensen using Creo (PTCCreo, 2014), and themesh
is generated with ANSYS Fluent’s preprocess software, ICEM

(ANSYS Fluent, 2017), as shown in Figure 4. The leading-
edge slats extend forward and deflect down with an angle of
22°, while the trailing edge split flaps extend backward and
deflect down with an angle of 36°. Features such as fences and
landing gear boxes are also included.
The size of the surface mesh used in the following calculation

is 50mm, and the thickness of the first layer of prism mesh is
1mm, corresponding to a y1 between 100 and 200. A total of 1
million surface mesh and 22 million volume cells were
generated for the landing configuration. K-omega turbulence
model was applied. A finite-volume Reynolds-averagedNavier-
Stokes equations solver in ANSYS Fluent (Ansys, Inc., 2017)
was used. After less than 150 steps, the lift force and drag force
were converged.

Results and discussion

To validate the numerical results, they were compared with the
wind tunnel test data and the flight test data. The IL conducted
similar wind tunnel tests with a larger-scaled aircraft model and
in an open testing section. Their test data are included for
comparison in this section. The flight test data were measured by
the manufacturing company using a real flying aircraft, which
were presented in the aerodynamic manual of Tu-154M
(<e[nbp et al., 1997). The body frame was used as the reference
coordinate system, in which the x-axis is parallel to the chord line.
First, the CFD simulation was conducted for the aircraft in a

landing configuration with no wingtip damage. The
comparison of lift coefficient versus the angle of attack among
the CFD, wind tunnel tests and the flight test is shown in
Figure 5. In the linear stage before the stall, i.e. in the range of
angles of attack without significant separated flow, relatively
good agreement was obtained among the CFD result, wind
tunnel test and flight test data. Although the amplified error
exists, the trend of each curve is consistent. The total lift forces
obtained in the wind tunnel test and the CFD are slightly

Figure 2 Airframe sketch and wingtip damage conditions

Figure 3 Wind tunnel facility

Figure 4 Numerical model in landing configuration
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higher than the flight test data. This is because the real aircraft
needs to keep balance in the longitudinal direction when flying,
resulting in negative aerodynamic force on the horizontal tail
and the elevator, which is opposite to the lift force produced in
the main wing. The aircraft model in wind tunnel test is
mounted on a sting, and in CFD simulation, the numerical
model is rigid and totally constrained with all DOF. Hence the
elevator on the horizontal tail cannot rotate during the wind
tunnel tests and the CFD simulation. It was found that the stall
angles of attack of wind tunnel tests are 5–10 degrees smaller
than that of the flight test. This is because the Reynolds number
of the real aircraft is several orders of magnitude larger than that
in the wind tunnel tests. The overall CFD result shows
acceptable consistency with the flight data.
As we know, wingtip loss results in lift loss, so the reduction

of lift force under various levels of wingtip loss was
experimentally and numerically studied, and the results are
shown in Figure 6. The no-damage case and two-wingtip loss
cases (29% wingtip loss and 53% wingtip loss) were tested in
the wind tunnel. Also, IL conducted wind tunnel tests for the
no-damage case, 29% wingtip loss and combined 29% wingtip
with slats and flaps loss cases. All the curves yield a similar
trend, though the lift coefficients of the two-wingtip loss cases
in the tests are larger than their counterparts in CFD
simulations. This is because in the tests, to keep the entire
strength and stiffness of the wing structure, the gaps between
the main wing and the high-lift surface (slats and flaps) were
filled. It also caused extraordinary higher drag than that on the
real configuration. Stall happened at a smaller angle of attack in
the wind tunnel tests because the Reynolds number in the tests

is smaller than that in the simulations. Better agreement is
achieved between the IL test data and the CFD results. The
decrease in the lift coefficient in CFD at a = 10° is not very
significant (drops 5.26%) in the case of 29% wingtip lost, and
hence the lift coefficient can be compensated with only a
modest increase in the angle of attack or speed. However, the
lift coefficient drops down extensively (drops 24.74% and
27.74%, respectively) in the other two cases, i.e. 53% wingtip
loss and 29%wingtip, together with slats and flaps losses.
According to the official Tu-154M manual of the

aerodynamic characteristics of the Tu-154M, the total mass of
Tu-154M is 78.6 tons. The reference area of the wing is 180
(201) m2 (<e[nbp, 1997). The normal landing speed is
230 km/h (63.89m/s). Based on the lift force equation with the
air density of 1.272kg/m3, the required lift force coefficient is
1.478, which cannot be reached according to Figure 6 when a
wingtip loss happens. Hence, the lift reduction owing to the
wingtip loss must be compensated by either increasing the
landing speed or the angle of attack. The maximum landing
speed for Tu-154M is 280 km/h (77.78m/s). The
corresponding required lift coefficient is 0.997, which can be
reached even in the most seriously damaged situation
considered in this study at a = 10° according to the CFD
results.
Figure 7 shows the results of the drag coefficient versus angle

of attack at b = 0° for the no-damage case and various levels of
wingtip loss cases. The consistency of the trends is obtained
between the wind tunnel data and the CFD results, albeit the
experiment results are slightly larger. This is because the lift-
induced drag force dominates at low velocity. Meanwhile, the
velocity of the flow in the tests is relatively low compared to the
real flight speed. As we know, the induced drag force is
proportional to the square of the lift force, while the lift force in
the wind tunnel tests is larger than that in the simulations
(Figure 6). This explains why the drag force is larger in wind
tunnel tests.
The drag coefficient increases as the angle of attack

increases in all cases. Wingtip loss does not have much effect
on the drag coefficient. The two cases, 53% wingtip loss and
29% wingtip together with slat and flap loss, yield similar
results with the drag coefficient dropping by 13.57% and

Figure 5 Comparison of lift coefficient between CFD and wind tunnel
test with landing configuration

Figure 6 Lift coefficient vs angle of attack

Figure 7 Drag coefficient vs angle of attack
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14.93%, respectively. In the 29% wingtip lost case, the drag
coefficient drops 4.07%.
The primary changes after wingtip loss are the appearance of

an asymmetric rolling moment and a reduction in lift force.
Insufficient lift force may not be able to support the plane in the
air, and the asymmetric rolling moment will affect the balance
of the aircraft. As mentioned above, the increase in the angle of
attack or speed could help compensate for the lift force.
However, the lateral balance of the aircraft could be lost by the
increasing asymmetric rolling moment as the angle of attack
increases. The incremental rolling moment versus angle of
attack is shown in Figure 8, where the curves show a similar
trend. The incremental rolling moment in this figure depicts
the relative rolling moment obtained by subtracting the rolling
moment with no damage from the actual moment with various
damages.
At the same angle of attack, the incremental rolling moment

from the test results is smaller than that fromCFD simulations.
The incremental rolling moment increases with an increase in
the angle of attack when it is smaller than 10°. After that, it
decreases and then increases and fluctuates. This is because,
generally, the flow will separate on a wing with a larger aspect
ratio. Hence, the flow on the right wing which is not damaged
separates first. With a further increase of the angle of attack, the
flow on the damaged wing also starts to separate, the
incremental rolling moment starts to increase again. The wind
tunnel results by IL yield similar trend, but the angle at which
the flow starts to separate is about 5° larger than that in the tests
and CFD results. Figure 8 also indicates that higher damage
levels result in a substantial increase in the asymmetric rolling
moment. At a = 10°, the asymmetric rolling moment is around
0.1 for 53.3%wingtip loss and 29%wingtip, together with slats
and flaps loss. The asymmetric rolling moment is around 0.04
for 29%wingtip loss.
After the wing is damaged, keeping the balance of the aircraft is

as important as compensating the lift force, as that determines
whether the aircraft could land safely or not. One way to
compensate for the asymmetric rolling moment is to impose the
deflection of the opposing (undamaged-wing) aileron or/and the
spoiler. The non-solid lines in Figure 9 show the variations of the
compensating rolling moment produced by full opposing aileron
alone and by full opposing aileron together with spoiler.
Assuming that the aileron on the damagedwing is non-functional
(or non-existent) and no other roll control mechanism available,
the opposing aileron and spoiler control power on the
undamaged wing would be the total available compensation for

the asymmetry rolling moment. The compensating rolling
moment was calculated on the no-damage model. In fact, the
compensating rolling moment is a negative value (banking right),
but the sign has been reversed for comparison with the damage-
induced asymmetry rolling moment. The intersection of the
“compensating aileron” curve with each damage curve identifies
the range of the angle of attack where roll control can be
maintained. However, even for the moderate damage (29%
wingtip loss), using opposing aileron is not enough to
compensate for the incremental of the rolling moment. When
using both aileron and spoiler, the allowable angle of attack range
is severely restricted to 5°–10°. For larger damage on the wing
(53% wingtip loss or 29% wingtip, slats and flaps loss), neither
opposing aileron alone nor both of the aileron and spoiler can be
a compensation to stop the trend of rolling. In practice, some
level of roll control needs to be reserved for maneuvering the
aircraft. Full aileron control would not be available to
compensate for the roll asymmetry (whether alone or in
conjunction with sideslip). Therefore, the actual restriction for a
is greater than that defined by the intersection of the aileron plus
spoiler method and the damage curves in Figure 9 and is
determined based on the level of roll control required for
maneuvering.
Figures 10 and 11 present the comparison of CFD results of

the rolling moment coefficient versus the angle of sideslip, b ,
for cases with no damage and various level of damage at the

Figure 9 Incremental rolling moment vs angle of attack (CFD)

Figure 8 Incremental rolling moment vs angle of attack

Figure 10 Incremental rolling moment vs sideslip, a = 0° (CFD)
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angle of attack, a, equals 0° and 10°, respectively. A negative
slope indicates the static stability of the aircraft. A higher
asymmetric rolling moment is observed in each damaged case
at a = 10°, compared to the results at a = 0°. The 29%
wingtip loss case can be fully compensated, as b is larger than
6° and 10° at a = 0° and 10°, respectively. The drop for 53%
wingtip loss or 29% wingtip, together with slats and flaps loss
cases, cannot be compensated by this method alone at both
angles of attack.
The opposing aileron method, the spoiler method and the

sideslip method can be combined to compensating for the
asymmetric rolling moment. This could improve compensation
effectiveness. Figures 12 and 13 sketch the CFD results of the
rolling moment compensation effect when the aileron method,
the spoiler method and the sideslip method are used with one
another at a = 0° and 10°, respectively. The compensating
rolling moment is calculated on the no damage model. The sign
of the compensating rolling moment has been reversed for
comparison with the damage-induced asymmetry rolling
moment. The intersection of the “compensating aileron” curve
with each damage curve identifies the point from which roll
control can be maintained. For the aileron and sideslip method
combined, the 29% wingtip loss case can be fully compensated,
as b is larger than 2.4° and 5.5° at a = 0° and 10°, respectively.
The 53% wingtip loss and the 29% wingtip, together with slats
and flaps loss cases cannot be compensated by the two methods

combined. Similarly, for the three methods combined, the 29%
wingtip loss case can be fully compensated as b is larger
than �1° and 1.6° at a = 0° and 10°, respectively. The 53%
wingtip loss and the 29% wingtip, together with slats and flaps
loss cases, cannot be compensated at both angles of attack. It
means that the lateral balance cannot be kept during landing.

Conclusion

In this study, wind tunnel tests and CFD simulations were
conducted to investigate the aerodynamic characteristics of a
wing damaged transport aircraft. Various wing-damage level
cases were considered. The degradation of the aerodynamic
performance in such hazard conditions was presented, and the
potential methods to compensate for the degradation of the
aerodynamic performance during the landing were discussed.
Good agreement between the trends of the CFD and test

results was obtained. The experimental and numerical results
suggested that wing damage, which includes the loss of wingtip,
outboard slats and outboard flaps, shows a significant influence
on the reduction of the lift and lateral stability. The lift
reduction can be compensated by either increasing the landing
speed or the angle of attack. The asymmetric rolling moment is
the primary threat to the loss of balance of the aircraft. It can be
compensated by applying the aileron and spoiler on the
undamaged wing and/or using the sideslip effect in cases with
slight or moderate damage on the wing (less than 29% wingtip
loss of the semi-span). However, the lateral balance cannot be
kept in cases with serious damage on the wing (larger than 53%
wingtip loss of the semi-span) or moderate damage on the wing
with losing the high-lift devices. This study further reveals the
interacting effects on the rolling moment among the angle of
attack, the angle of sideslip and the deflection of the aileron and
spoiler. The nonlinear results indicate the importance of
aerodynamic assessment for the sake of training pilots to
properly handle this emergency of wing damage.
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