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The Effect of Wind Loading on the Growth of Crack Propagation
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1. Introduction

in Aircraft Wing

Shahad Nashat Subhi', Fathi Al-shamma *

Abstract

Throughout the flight, aircraft wings continuously struggle against
various forces: the forward thrust from the engine, the drag pulling them
backward, and sudden turbulence from storms. In contrast, these forces
are essential for maintaining aircraft stability. With time, the cyclic stresses
can result in the formation and propagation of minuscule cracks in the
wings. Cracks growing on the aircraft wing surface manufactured from
alloy AL7075-T6, have been investigated when subjected to non-
preoperational multi-axial cyclic loading. The results have been evaluated
using two methods, numerical simulations and theoretical calculation to
evaluate dynamic crack propagation crack growth per cycle (da/dN) at
angles of attack 5° and 10°. The results showed that the dynamic crack
propagation increases with an increase in the crack length. It was found
that the values of the dynamic crack propagation rate at the angle of attack

59 are smaller than the values at the angle of attack 10°.

Keywords: Dynamic crack propagation, Computational fluid dynamics, Non-
preoperational multi-axial cyclic load, AL7075-T6 alloy, Angle of attack (AOA).
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The detailed exploration of the key factors:

Modern civilian and military aircraft are
engineering marvels made up of five primary
components: the fuselage, engines, landing gear, tail
assembly, and wings. However, they face significant
challenges from extreme weather conditions. Wings,
in particular, are highly susceptible to damage due to
their critical role in generating lift and maintaining
stability.

The effect of wind on crack propagation in
aircraft wings involves complex interactions between
aerodynamic forces, structural dynamics, and material
properties. [2]

1. Aerodynamic Forces:

Lift, Drag, Pressure Distribution, Turbulence and
Gusts.

2. Structural Fatigue and Crack Propagation:
Cyclic Loading, Stress Concentration, and Crack
Growth Mechanisms

3. Material Behavior and Fracture Mechanics:
Fatigue Crack Growth Rate, Fracture Toughness,
and Environmental Effects).

4. Detection and Monitoring:

Non-Destructive Testing and Structural Health
Monitoring.

5. Mitigation Strategies:

Design Optimization, Material Selection,
Maintenance and Inspection

and
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The propagation of cracks in aircraft wings due to
wind effects is a multifaceted problem that requires a
comprehensive understanding of acrodynamic forces,
structural dynamics, material behavior, and advanced
monitoring techniques. Addressing these factors
through design optimization, material selection, and
regular maintenance is essential for ensuring the
safety and longevity of aircraft.

2. Numerical simulations

Numerical analysis is a branch of mathematics
focused on developing techniques to find
approximate solutions to problems that are
mathematically formulated but cannot be solved
exactly with analytical methods. Such problems
frequently occur in scientific computing, engineering,
and other fields that depend on mathematical models.
In this study, ANSYS CFD was utilized for airfoil
analysis, leveraging its robust capabilities for
simulating airflow. This makes it an invaluable tool
for examining the behavior of airfoils, which are
crucial components of aircraft design and play a
significant role in achieving desired aerodynamic
performance. CFD was used to determine lift, drag,
pressure distribution, and center of pressure. This
pressure distribution data was then used to calculate
equivalent stress, which is necessary to achieve the
desired outcomes [3].

Finally, ANSYS engineering simulation software was
used to obtain numerical results by inputting the
parameters of Paris's law (including the constants ccc
and mmm), AK (change in stress intensity factor),
and 0a/ON (crack growth per cycle) [4].

2.1. Computational fluid dynamics

It plays a crucial role in designing aerodynamically
efficient airplanes and optimizing energy production.

By utilizing numerical analysis and data structures
to simulate fluid flow, this branch of fluid mechanics
proves indispensable across various industries.

CFD, which stands for Computational Fluid
Dynamics, is a powerful tool for simulating the flow
of fluids around objects, such as airfoils. Airfoils,
which are wing-shaped structures found in airplanes,
helicopters, wind turbines, and other applications, are
analyzed at various angles of attack [5].

In this papet, the aircraft model will be examined
at angles of attack of 5° and 10°. The angle of attack
will be 5° during cruising speed, while it will increase
to 10° for takeoff and landing. Maintaining the
correct angle of attack is crucial during landing,
particularly near the runway during the flare
maneuver. This precise angle ensures an accurate
touchdown and prevents stalling, a dangerous
situation that requires immediate corrective action [6].

By employing CFD, engineers can predict the
aerodynamic performance of an airfoil, including its
lift, drag, and pressure distribution. This information
is vital for designing efficient and safe airfoils and for
studying the growth of cracks.[7].
2.1.1.Computational method for predicting
fluid flow characteristics

To accurately model wind pressure on the wing, a
control volume was created (Fig. 1) to encompass the
air surrounding the wing model. The wing's volume
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was then subtracted from this control volume using
SOLIDWORKS, ensuring that all wing surfaces
experienced realistic wind pressure during the
analysis. The model was subsequently imported into
ANSYS Workbench for further investigation.
Standard air properties were applied: a density of
1.225 kg/m? a temperature of 2882 K, and a
viscosity of 1.7889x10"-5 kg'm/s. The wing
geometry was discretized using a pre-existing mesh
from the ANSYS library, which included 5,257,559
fluid tetrahedron elements and 1,480,217 nodes.
Airflow entered the control volume at 114 m/s
through an inlet face near the leading edge of the
wingtip, while the opposite face served as the outlet
with zero gauge pressure.

The CFD analysis provided data on lift, drag,
center of pressure, and the air pressure distribution
across the wing surfaces. [8].

Figure (1): Manage fluid volume utilizing a wing
enclosed within (Soutce: Authors).

The CFD analysis aimed to evaluate how air
pressure is distributed across the wing surfaces.
Boundary conditions for a wing in CFD simulations
include [Inlet boundary condition: velocity inlet
(variable), Outlet Boundary Condition: pressure
outlet (zero), airfoil boundary condition: wall (no-slip
condition)]. A relationship between the wing's shape
and the pressure distribution was noted (Fig. 2), with
higher pressure occurring near the leading edge
towards the wingtip. This explains why, at cruising
speed with an angle of attack of 5°, the maximum
pressure of 7.736 kPa was concentrated near the fixed
end.

During takeoff and landing, as the angle of attack
increases to 10° (Fig. 3), the pressure distribution
shifts, with the maximum pressure of 7.664 kPa now
concentrated at the wingtip, the point furthest from
the fixed end.
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Figure (2): Pressure distribution on the wing within
the designated volume at AOA 5°
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Figure (3): Pressure distribution on the wing within
the designated volume at AOA 10°

2.1.2. Analysis of structures under static loads
The CFD pressure data was used to inform the
subsequent static structural analysis in ANSYS of a
simplified cantilever wing model subjected to varying
wind loads. Stress vatiations across the structure were
examined through two separate simulations, using the
material properties outlined in Table 1, which
correspond to alloy AL7075-T6. [9]
Table (1): Material Properties of alloy AL7075-T7.

N MATERTATL AT.7075-T6
1 Density 2780 kg/m?
2 Coefficient of_ Thermal 2.3%1005 / =C
E=zpansion
3 Reference Temperature 21=C
4 Young's Modualus 71.5 GPa
5 Poisson's Ratio 0.33
(3 Bulk Modulus 71 GPa
7 Shear Modulus 28 GPa
8 Teasile Tield Strength 303 MPa
9 Compressrre Yield 503 MFa
Strength
Tensile Ultimate .
10 Strangth 5700Fa

To evaluate the stress distribution within the
wing structure, the computer model was segmented
into 5,257,567 small tetrahedral elements, chosen
from the ANSYS software library. The number of
elements was determined by focusing on regions

2.6533e7 Max
2.3585e7
2.0637e7
1.7689e7
14741e7
1.1793e7
8.8451e6
5.8971e6
2.9491e6
1103.4 Min

3.9776e7 Max
3.5357e7
3.0938e7
2.6518e7
2.2099e7
1.768e7

' 1.3261e7
8.8412e6
4.4219¢6
2636.9 Min

'mM ENTE O Tm

with the highest stress concentrations. Pressure
distribution data obtained from a separate fluid flow
analysis, along with the resulting lift and drag forces
on the wing surface, were applied to the meshed
model. Key stress indicators, such as equivalent Von
Mises  stress, maximum principal stress, and
maximum shear stress, were then analyzed.

A comprehensive stress value for the wing was
determined, considering all potential stress factors
that could lead to deformation or failure. As
anticipated, the equivalent stress was highest at the
wingtip, teaching 26.533 MPa at a 5° angle of attack
and 39.776 MPa at a 10° angle of attack. This increase
was attributed to the combined effects of maximum
wing pressure in that area and the influence of drag
force (Fig. 4). The stress distribution across the wing
was primarily tensile.

The analysis further highlighted the shear stress
distribution along the wing (Fig. 5), showing that the
highest shear stress occurred at the leading edge. At a
5° angle of attack, the maximum shear stress reached
14.999 MPa, increasing to 22.46 MPa at a 10° angle of
attack.

3. Theoretical Analysis

Wing model constructed from AL7075-T6 alloy.
The model's dimensions are 300 mm X 60 mm X 2
mm, and an elliptical crack measuring 1 mm X 5 mm
will be introduced at one end using a wire-cutting
machine. The crack will be positioned 30 mm from
the edge where the shear load will be applied.

Cyclic Shear Load \
L |
Constant
|5 Tension Load|
/| -1
“ la Wi
S
i H
I '
N\ ) i
-

Figure (6): Multiaxial cyclic loading with thin plate.

Figure (4): Equivalent von Mises stress at 5° and 10°
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1.4999e7 Max
1.3332e7

=4 1.1666e7
9.9995e6
8.333e6
6.6665e6
5.0001e6
3.3336e6
1.6671e6
618.6 Min

2.246e7 Max
1.9965e7
1.7469e7
1.4974e7
1.2479%e7
9.9832e6
7.4878e6
4.9923e6
2.4969e6
1463.3 Min

Figure (5): Maximum shear stress at 5° and 10°

This investigation will explore the Griffith energy
criterion, which examines the energy dynamics in
brittle materials, such as glass, containing a single
prominent crack running through it. The study will
focus on a large, flat specimen of such material under
the influence of external forces.

W ergy ipat) o
Energy
o
_ =
W ’
| 2
Crack Length a
a
V (Emergy Reiease) r

Figure (7): The relationship between energy input
and release as a function of crack length. a material
under constant pressure (o) and experiencing
repeated twisting forces (7).[10]

This results in a distinct quantity of energy stored
per unit volume, which can be determined using the
following equation. [10]: -

1
U, = Z—(O'XEX +o,e,+ 0,8, + TxyVxy +
Tyzyyz + TxzVxz )
1 2
U, =E(Ux+0y+0z) -

(oxoy +

oy 0, + 0,0, — (Txy? + Ty 2 +Txz2) ) e )
Uy = g 22 (7 sin (%) )2 ...... 3)
o= (54552 (rsin(5) )) (ma* x3) =

(U—2+M (T sin (w?t) )2>na2

2E E
1- The equation for the energy released per unit
thickness is:[10]
SU W
sa  ba
2- Fracture occurs when the energy release rate
reaches its maximum value [10]: -
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The additional energy resulting from an unstable
fracture can be described as:[11]

v.= [ G- R
= —R(a; — ap) + [ (§+
(T sin (%r) )2)%@ ...... ®)

(% 2(1+v) . (ot \?\ ma;
For R —<— += (‘L’ sin (7) ) ) Tl ...... O
Substituting Eq. (5) in Eq. (4) gives:[11]

2(1+v)

2E

_ (d% | 2(1+v) . (wt) \? na
Ue = <E+ E (T sin (T) ) )Z(ai—oao) +
(G52 (e sin5) ) ) w0
;}(aiz—aoz) o
yo Gy
= T ...

4(a;®- ag?)

To ascertain the widening of a crack (kinetic
opening displacement) in a thin plate subjected to
diverse forces in multiple directions (multi-axial
loading), engineers employ the concept of "effective
stress." This concept simplifies  the
intricate interaction of forces into a single, equivalent
force acting in a singular direction. The equation
provided below aids in computing this effective
stress. [12]: -

Ocff = % \/0'2 + (‘L’ sin (%t) )2

The concept of 'effective stress' is effective in
situations involving two types of forces acting in
multiple directions (non-proportional multi-axial
stress). One force remains constant (such as o in this
study), akin to exerting upward pressure on an object.
The other force changes direction cyclically (cycling
stress, like 7). In such cases, the effective stress aids in
estimating the vertical displacement of the crack
(vertical displacement, v). The equation below
illustrates this calculation. [11]: -

20
V= %,/az — x2

essentially
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Since x is a function of (a) it can be expressed as
x =Ca where 0 < C <1 then:[13]

szﬂ% 1= C?) = L2 a9

Where C; = 24/(1 — C?)

Therefore, as the crack propagates, the
displacement (v) will change over time and
become:[11]

6_V _ & 6(aeff a)
o —aE 0 e (15)
W _ G (egr, | 0a
= 2 (B e+ appyp) e16)
. (wt 2
<\/% o2+ ((T sm(T) ) )>
Wers — 17
o P
V_ L (g2
Prialy (0 +
1
. wt 2\ 2 2 . wt wt
(‘r sin (7) ) ) T°w sin (7) cos (7) ...... (18)
v wt? sin wt (19)

ot 2\/5\/02+ (‘L’ sin(%t) )2

Based on the dynamic conditions of crack

growth, the kinetic energy associated with the crack's
displacement is [11]: -

T:% pxArea VO .. (20)
2
1=2p [[ () dxdy ... 1)
T=lpi wt? sin wt al\
2 E 2\/5\/02+ (‘r sin(%t) )2
2
o\ \2
(g—‘z % o+ (T sin(Tt) ) ) [ [ C? dxdy
............................................. 2

In a semi-infinite plate, it is found experimentally
that the integral of C? is equal to ka? thus Eq. (22)

could be written as [11]:

wt? sinwt

T =ka — al+

242 o2+ (z sin(2) )’

2
(G 5o+ rn())')

The critical crack length at which the crack
becomes unstable and starts to grow is reached when
the strain energy Ue equals or exceeds the kinetic
energy T. From Equations (11) and (18):

2 2(1+v) . (ot \?
(G52 sin($) ) )r

4(a;2~ ap?) B

1 1 wt? sin wt

ka*= p= al|+
2 E 2\/5\/02+ (‘r sin(%t) )2
2
E) . 2
(a—‘z o+ (vsin(%) ) ) ...... 24)
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1 wt? sin wt

= ka;?> p— a; |+
B 2\/7\/U2+(r sin(w?t) )2 l
2
2
(g (com®)))] e

Where (a;) represents the crack length at which
excess energy is teleased. By utlizing a MATLAB
program and applying the Newton-Raphson method,
from Eq. (19) it could be calculated the velocity of

da . .
the crack growth P for each time required to reach

the crack length a;. Also, the value of the limit value
s

m for a;>> aq is found to be less than unity. To

verify the theoretical results, the principal stresses for
the element under non-proportional multiaxial cyclic
loading can be calculated as [12]:
2

O'x—O'y 2
; t ( 2 ) T Ty
For this study, the principal stresses can be expressed
as:

o= 2% () + (v sin(2) )

The angle of the plane of principal stresses relative to
the horizontal axis can be represented as:[12]

_ Ox+ gy

012 =

_ 2Txy
tan 26, = ooy (28)
b ¢
—————— ————
0z — ) -. !
o, /f

§ .0 ¥

Q_;
Figure (8): A crack subjected to an in-plane biaxial
load (as represented in our case study) [10]

Which can be represented for our case of study as

[10]: .
tan 26, = 72(1” S;n(%))

From Equation (29), it can be demonstrated that
the angle of inclination of the principal plane
concerning the horizontal axis varies with the value
of wt. Given that the crack in the plate is aligned with
the y-axis, it can be represented as being inclined at
an angle Op with the direction of the principal
stresses, as shown in Fig. 3. Consequently, the stress
intensity factors for modes I and II can be expressed
as follows: If o0,=aoy, where 0, is always a
compressive stress according to the Mohr circle for
our study:[14]

K, = ‘Hzﬂ{(l +a)+ (1 —a)cos26,} ... (30)
Ky = 27 {(1 - @)sin20,) .....(31)
Then K; =Kpnax Kimin whete  Kppay is

depend on the value of 04, When sin ot = 1 and

O1min When sin ot = 0 AlsoKj; is depend on
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O1max 20d O1min then the mixed mode of I and 11
give: [14]
4 470:25
AK,, = [AK,* + 8AK, ]
Crack growth can be determined using Paris's law
as follows:[15]
da m
= c(AK,,)
a_a
oON
conducted, and C and m were determined for the
current loading condition by plotting the logarithm of

The experimental measurement of was

:—; against the logarithm of AKeq.

The slope of the line represents m while C can be
obtained from the intersection of the line with the
logarithm of 0a/ON. In the linear region, the
following equation can be utilized to determine the
parameters C and m employing the equation:

Log (Z_;) =m * log (AK) + log c

4. Result and discussion

The results depicted in Figures (9 and 10), which
illustrate the relationship between crack length (a) and
the number of cycles (N), were obtained through
ANSYS  simulations and theoretical solutions.
analyzed observations from the figures:

1. Crack Growth Behaviot:

e For AOA 5° The crack grows steadily and
exhibits a gradual increase in length over time. The
crack length starts at approximately 5 mm and
progresses to around 12 mm after 800,000 cycles.
The growth appears relatively linear with a mild
increase in the rate of growth toward the higher
number of cycles.

e For AOA 10°: The crack grows much faster than
at AOA 5°. The crack length starts at a similar point
(5 mm) but rapidly increases to around 12 mm in just
under 200,000 cycles, indicating a much more
aggressive propagation rate at this higher angle of
attack.

2. Influence of AOA:

e Higher AOA (10°) causes significantly faster
crack propagation compared to lower AOA (5°).
This result is consistent with the idea that higher
angles of attack result in greater stress and strain on
the wing, leading to a more rapid crack growth due to
the increased loads experienced by the structure.

3. Fatigue Life:

e At AOA 5° the fatigue life of the material is
much longer, with cracks taking many more cycles to
reach the same length compared to AOA 10°. This
suggests that operating at lower angles of attack
would prolong the fatigue life of the wing structure,
as the crack growth rate is much slower.

e AOA 10° shows a drastic reduction in fatigue life,
indicating that the structure could fail prematurely if
subjected to higher angles of attack for extended
periods.
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alloy AL7075-T6 at AOA 5°

(@

8 —— Numerical

Analytical

Crack Length
a

0 200000 400000

Number of cycle (N)

600000 800000 1000000

Figure (9): Crack length a (mm) vs. no. of cycles N
for alloy AL7075-T6 at AOA5°
alloy AL7075-T6 at AOA 10°

=}

=

m

- Numerica

Analytical

Crack Length (a)

100000 150000
Number of cycle (V)
Figure (10): Crack length a (mm) vs. no. of cycles N

for alloy AL7075-T6 at AOA 10°

0 50000 200000

Additionally, Figures (11 and 12) present the
contour near the final stage for AL7075-T6 at angles
of attack (AOA) of 5° and 10°, as determined from
numerical simulations. In the final stage, the fracture
crack angle (0c) is approximately 23° at AOA 5° and
increases to around 26° AOA 10e.

265337 Max
! 2.3585¢7
20637e7

1 176897
14741e7
117937
8.8451e6
589716
294916
1103.4 Min

Figure (11): Near to final stage contour for alloy
AL7075-T6 at AOA 50

I 3.9776e7 Max

3.5357e7

= 3.0938e7
2.6518e7

2.209%7
E 1.768e7
132677

8.8412e6
I 442196

2636.9 Min

Figure (12): Near to final stage contour for alloy
AL7075-T6 at AOA 10°
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5. Conclusion

The results highlight the critical impact of the
angle of attack on the fatigue crack propagation in
alloy AL7075-T6. While the wing material can
withstand a substantial number of cycles at lower
AOA, the crack propagation rate increases
significantly at higher AOA, leading to a shorter
fatigue life. This has important implications for
aircraft design and operation, particulatly in ensuring
that wings are not subjected to excessively high
AOA for extended durations to avoid rapid crack
growth and possible failure.
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