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اﻟﻤﻠﺨص
( و�ﺸﺘﻐﻞ ﻤن ﺨﻼﻟﻪ �ﻘومMATLAB) ﺘم ﻓﻲ ﻫذﻩ اﻟورﻗﺔ كﺘﺎ�ﺔ ﺒرﻨﺎﻤﺞ ﺘﻌﻠ�ﻤﻲ ﺒﻠﻐﺔ اﻟﻤﺎﺘﻼب
�ﺤﺴﺎب ﺠﻤ�ﻊ اﻟﺨواص اﻟﻬ�كﻠ�ﺔ ﻤﺜﻞ ﻤركز اﻟﺜﻘﻞ وﻤركز اﻟﻘص وكذﻟك إﯿﺠﺎد اﻟﻘص اﻹﻨﺴ�ﺎﺒﻲ
 اﻟﺒرﻨﺎﻤﺞ �ﻘوم ﺒﺘﺤﻠﯿﻞ ﺼﻨدوق ﺠﻨﺎح اﻟطﺎﺌرة.واﻹﺠﻬﺎدات ﻋﻨد أي ﻨﻘطﺔ ﻋﻠﻰ اﻤﺘداد ﺠﻨﺎح اﻟطﺎﺌرة
 ﯿﺘﻛون ﺼﻨدوق اﻟﺠﻨﺎح ﻤن اﻟﻘﺸرة اﻟﻌﻠو�ﺔ واﻟﺴﻔﻠ�ﺔ واﻟدﻋﺎﻤﺎت.اﻟﻤﺘﻛون ﻤن ﺨﻠ�ﺔ أو ﺨﻠﯿﺘﯿن ﻤدﻋوﻤﺘﯿن
 ﺘم ﻤﻘﺎرﻨﺔ ﻨﺘﺎﺌﺞ اﻟﺒرﻨﺎﻤﺞ �ﺎﻟﻨﺘﺎﺌﺞ اﻟﻤﻨﺸورة ﻟﺼﻨدوق ﺠﻨﺎح اﻟطﺎﺌرة اﻟﻤﺘﻛون.اﻟرﺌ�ﺴ�ﺔ اﻷﻤﺎﻤ�ﺔ واﻟﺨﻠﻔ�ﺔ
.ﻤن ﺨﻠ�ﺔ أو ﺨﻠﯿﺘﯿن ﻤدﻋوﻤﺘﯿن
ﺘم ﺘﺼﻨ�ﻊ ﺠﻨﺎح طﺎﺌرة ذات ﺨﻠ�ﺔ واﺤدة ﻤدﻋوﻤﺔ ﻤﺼﻨوﻋﺔ ﻤن ﻤﺎدة اﻷﻟوﻤﻨﯿوم ﻟﻐرض إﺠراء
 كﺎن.ﻋدة اﺨﺘ�ﺎرات اﺴﺘﺎﺘ�ك�ﺔ ﺘﺤت ﺘﺄﺜﯿر أﺤﻤﺎل ﻤﺨﺘﻠﻔﺔ ﻟﻐرض اﻟﻤﻘﺎرﻨﺔ واﻟﺘﺄﻛد ﻤن ﻨﺘﺎﺌﺞ اﻟﺒرﻨﺎﻤﺞ
 اﻟﺠﻨﺎح اﻟﻤﺼﻨﻊ ﯿﺘﻛون ﻤن. ﻤم0.914  ﻤم وﺴﻤك ﻗﺸرة اﻟﺠﻨﺎح400  اﻟوﺘر، ﻤم2400 اﻟﺠﻨﺎح �طول
اﻟﻘﺸرة اﻟﻌﻠو�ﺔ واﻟﺴﻔﻠ�ﺔ ﺴ�ﻊ دﻋﺎﻤﺎت ﻋرﻀ�ﺔ )أﻀﻠﻊ( وأر�ﻊ دﻋﺎﻤﺎت طوﻟ�ﺔ واﻟدﻋﺎﻤﺘﯿن اﻻﻤﺎﻤ�ﺔ
 اﻟﺒرﻨﺎﻤﺞ �ﺤﺴب ﻤواﻀﻊ ﻤركز اﻟﺜﻘﻞ وﻤركز اﻟﻘص وﻋزوم اﻟﻘﺼور اﻟذاﺘﻲ �ﺎﻹﻀﺎﻓﺔ إﻟﻰ.واﻟﺨﻠﻔ�ﺔ
 ﻨﺘﺎﺌﺞ اﻟﺒرﻨﺎﻤﺞ اﻟﺤﺎﻟﻲ.إﯿﺠﺎد اﻟﻘص اﻻﻨﺴ�ﺎﺒﻲ واﻹﺠﻬﺎدات ﻋﻨد أي ﻨﻘطﺔ ﻋﻠﻰ طول ﺠﻨﺎح اﻟطﺎﺌرة
.ﻤﺘواﻓﻘﺔ ﻤﻊ اﻟﻨﺘﺎﺌﺞ اﻟﻨظر�ﺔ واﻟﻌﻤﻠ�ﺔ اﻟﻤﺘوﻓرة ﻓﻲ اﻟﻤراﺠﻊ اﻟﻌﻠﻤ�ﺔ
ABSTRACT
In this paper, a computer program based on the MATLAB software has been
developed. The developed program is used to compute all the structural properties such
as centre of gravity, shear centre, shear flows and the stresses and any point along the
wing span of a given aircraft, such parameters are not available in the MATLAB software.
The generalized formulation allows performing the analysis of the wing structure for both
single and double wing cells with multiple stringers. The wing box consists of upper and
lower skins, stringers and front and rear spars. Case studies from the open literature are
considered in this paper for the validation of the developed program for both single and
double wing cells.
A wing box single cell made from aluminum materials is constructed and several
static tests are carried out for the validation of structure properties. The semi-span of the
wing box, chord and skin thickness are 2400, 400 and 0.914 mm respectively. The wing
box consists of upper and lower skins, seven ribs, four stringers and front and rear spars.
The developed program results are in the form of locations of centre of gravity,
shear centre, stiffness’s, shear flows and stresses distributions at any section along the
wingspan. The results of the program are in good agreement with theoretical and
experimental results available in open literature.
KEYWORDS: Education; Program, Wing Stresses; Centre of Gravity; Shear Centre;
Stiffness’s; MATLAB; Shear Flow; Wing box.
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INTRODUCTION
When designing an aircraft, it’s all about ﬁnding the optimal proportion of the
weight of the vehicle and payload. It needs to be strong and stiﬀ enough to withstand the
exceptional circumstances in which it has to operate, [1-3].
The main sections of an aircraft, the wing, fuselage and tail, determine its external
shape. Aircraft structure is usually subjected to different types of loading, air loading,
inertia loading, from which three types of applied loadings are developed on the three
main aircraft structures, namely shear force, bending moment and torque. Aircraft wing
structure is the main lifting surface and usually carry most of the applied loads of the
aircraft. As a result the wing should be designed to withstand the ultimate loads generated
from the flight envelopes of the aircraft according to the airworthiness regulations.
Aircraft structure is also a very important complex structure that carry all the
applied loads (static and dynamic) without structure failure. One of the important applied
loads is the dynamic loads, which is affected the aeroelastic instability in the form of
torsion divergence and flutter, in which the vibration characteristic in the later plays an
important role through the distributions of the elastic properties such as center of gravity,
shear center, bending and torsional stiffness along the span of the wing structure. The
locations of the aerodynamic centre, centre of gravity and shear centre along the body
and span of the aircraft and wing structure respectively are very important and may cause
or lead to unstable condition and hence to poor aircraft performance. Also it will lead to
structural failure as a result of any aeroelastic instabilities such as flutter or divergence
speeds, in which these centre points play a very important role.
Simplifying the actual wing structure from three dimensional to one dimensional
structure reduces the complexity, cost and the time of the analysis of the wing structure
with an acceptable results compared with other results such as actual or experimental
results in the case of vibration, aeroelastic and static (deflections) analysis, see Figure (1).

Figure 1: Simplified wing beam with lumped masses

In this paper, two approaches are used to obtain the structure properties of the wing
box structure. The first approach is the theoretical analysis, which is done by developing
a computer program within the MATLAB software to calculate the structure properties
in the form of wing stiffness, centre of gravity, shear centre, shear flows and both bending
stress, shear stress distribution along the span of the wing structure. The wing box is
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considered as single and double cells in the analysis under the three types of loads
mentioned above, see Figure (2).

Figure 2: Original and Idealized wing sections, [1]

The second approach is the practical or experimental analysis. The wing box
representing a single cell made from aluminum materials, close enough representing a
low speed low altitude UAV aircraft wing box structure is fabricated and setup to simulate
a cantilevered wing box structure. It is intended to measure the structure properties in the
form vertical and angular displacements (from which both wing bending and torsional
stiffness are obtained), centre of gravity, shear centre and bending moment of inertia
along the span of the wing box structure. Only centre of gravity location and deflections
are measured and presented here due to the limited facilities such dial gauges and other
accessories. The results of both approaches are further compared and validated.
The maximum shear force, bending moment and torsion loads are assumed to be
calculated separately from the aircraft loading analysis for different loading cases at any
wing locations and then used as an input data to the computer program. These loads are
used in the developed program to obtain the corresponding wing stresses and other
properties such as centre of gravity and shear centre.
METHOD OF ANALYSIS
Bending Stresses

The stress at any point in the structure can be determined as a function of the applied
moments at that point and the area properties of the cross-section. Equation 1 shows that
the longitudinal stress is found by using the area moments of inertia, the applied moments
and the x and y coordinates of the centroid of the object under stress, [1].
𝜎𝜎𝑧𝑧 =

𝑀𝑀𝑦𝑦 𝐼𝐼𝑥𝑥𝑥𝑥 −𝑀𝑀𝑥𝑥 𝐼𝐼𝑥𝑥𝑥𝑥
2
𝐼𝐼𝑥𝑥𝑥𝑥 𝐼𝐼𝑦𝑦𝑦𝑦 −𝐼𝐼𝑥𝑥𝑥𝑥

. 𝑥𝑥 +

𝑀𝑀𝑥𝑥 𝐼𝐼𝑦𝑦𝑦𝑦 −𝑀𝑀𝑦𝑦 𝐼𝐼𝑥𝑥𝑥𝑥
2
𝐼𝐼𝑥𝑥𝑥𝑥 𝐼𝐼𝑦𝑦𝑦𝑦 −𝐼𝐼𝑥𝑥𝑥𝑥

. 𝑦𝑦

(1)

Where Mx and My are the bending moments in the structure (about “x” axis and
“y” axis) and x and y are the coordinates (relative to the centroid) of the position that has
to be evaluated. The procedure is to evaluate the bending stress based on [1]. It can be
seen that 𝜎𝜎𝑧𝑧 is strongly dependent on the distance from the section’s centroid. There is a
line, called the neutral axis, passing through the centroid on whose points the normal
bending stresses are zero. Bending moments are vary with the location along the wing
span and are maximum at the root, which is the critical section where yield or failure has
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to be evaluated, [2]. In an idealized wing section the bending moments are resisted by
spar booms (spar flanges) with the support of the stringers only. The bending stress is
calculated using the developed program at each spar boom or stringer with respect to the
principle axis, u and v, see [2-3].
Section Centroid and Moment of Inertia

It is the point about which the weight has no moment (rotation effect). It is a three
dimensional point, but it should be near enough on the centre line of a symmetrical
aircraft, the height doesn't much matter, so all the important here is its fore and aft
position. The section centroid and moments of inertia are computed for the actual single
and double cells wing box section.
The centre of gravities in x, (Xcg) and y, (Ycg) axes are calculated for all the stations
using equations (2 and 3).
𝑋𝑋𝑐𝑐𝑐𝑐 =
𝑌𝑌𝑐𝑐𝑐𝑐 =

∑𝑛𝑛
𝑖𝑖=1 𝑥𝑥𝑖𝑖 𝐵𝐵

∑𝑛𝑛
𝑖𝑖 𝐵𝐵𝑖𝑖
𝑛𝑛
∑𝑖𝑖=1 𝑦𝑦𝑖𝑖 𝐵𝐵
∑𝑛𝑛
𝑖𝑖 𝐵𝐵𝑖𝑖

𝑖𝑖

(2)

𝑖𝑖

(3)

Where
Bi Boom area of the ith skin-stringer.
Xi distance between the reference axis and the ith skin-Stringer in the x-direction.
Yi distance between the reference axis and the ith skin-Stringer in the y-direction.
The second moment of area about the centroid are given as
Ixx = ∑ni=1 Bi yi2
Iyy = ∑ni=1 Bi xi2
Ixy = ∑ni=1 Bi xi yi

(4)

Where Ixx and Iyy and Ixy are the area moments of inertia about the centroid, [2]. The
area moment of inertia about the principle axis are calculated using the developed
program in terms of Iuu and Ivv and Iuv as illustrated in [3 and 6].
Shear Centre

Shear centre, (SC) is the point in the wing cross section at which the shear flows
induced by the shear and torsional loads produce no twisting effects. The location of the
shear centre is obtained by equating the total moment due to the applied shear flow and
the applied moment due to the applied shear force and torsional loadsat a point along the
wing cell, see equation 5.
∑ MApplied = ∑ MShear flow

(5)

Shear Flow

To compute the shear stresses acting along the plane of any cross-section of the
wing, [1], thin-web shear flow theory is implemented. Shear flow is simply a shear force
per unit length. The shear stress in a skin or spar panel can be computed from the shear
flow by dividing by the thickness of the panel. For this theory to be applicable, the wing
structure must be idealized into an arrangement of axial stress-carrying booms with finite
cross sectional area and tangential shear stress carrying panels with a very small but finite
thickness. The direct-stress carrying capacity of the skin sections are incorporated as
additional area to stringers and spar caps, the approximation of constant shear flow
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between any two adjacent stringers or spar caps can be made. Such an approximation
greatly facilitates the computation of the shear flow in the wing section.
Generally shear flow is produced when the structure is subjected to the shear force and
torsional loads. The calculation of the shear flow along the span of the wing is carried out
using the method presented in [1 and 3-5], which based on following general equations.
Sx Ixx −Sy Ixy

qs = − � I

2
xx Iyy −Ixy

Sy Iyy −Sx Ixy

s

� ∫0 t ∙ xds − � I

Single Cell Wing Box

2
xx Iyy −Ixy

s

� ∫0 t ∙ yds + q s,0

(6)

Since the structure has been idealized, see figure 2 and the final shear flow
distribution is given by the following equation,
S

y
q s = − I ∑ni=1 Bi yi + q s,0

(7)

xx

Taking moments about the points where the shear forces are applied, then this
equation becomes:
(8)
0 = ∮ Pq b ds + 2q s,0 A

Obtaining qb by supposing that the closed beam section is ‘cut’ at some convenient
point thereby producing an ‘open’ section (see Figure (3b)). The open shear ﬂow
distribution, qb around this ‘open’ section is given by equation (9), [1].
S

y
q b = − I ∑ni=1 Bi yi

(9)

xx

Figure 3: (a) determination of qs,o,

(b) equivalent loading on open section beam, [1].

The final shear flow of the single cell closed wing box is then given by
q s = q b + q s,0

(10)

Double Cell Wing Box

The angle of twist (θ) can be calculated, which is located between the vertical and
horizontal axes (x, y) and the principle axes (u, v), is presented below and in [3 and 6-7]
for more details.
−2𝐼𝐼𝐼𝐼𝐼𝐼

tan 2𝜃𝜃 = 𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼
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𝐼𝐼𝑢𝑢𝑢𝑢 =

𝐼𝐼𝑥𝑥𝑥𝑥 +𝐼𝐼𝑦𝑦𝑦𝑦
2

+

𝐼𝐼𝑥𝑥𝑥𝑥 −𝐼𝐼𝑦𝑦𝑦𝑦

1−cos 2𝜃𝜃

𝐼𝐼𝑣𝑣𝑣𝑣 = 𝐼𝐼𝑥𝑥𝑥𝑥 �

2

2

cos 2𝜃𝜃 − 𝐼𝐼𝑥𝑥𝑥𝑥 sin 2𝜃𝜃

(12)

1+cos 2𝜃𝜃

� + 𝐼𝐼𝑥𝑥𝑥𝑥 sin 2𝜃𝜃 + 𝐼𝐼𝑦𝑦𝑦𝑦 �

2

�

(13)

If a point has coordinates (x, y) from axes yy and xx then the coordinates (u, v)
from principle axes vv and uu.The component of forces is calculated by using the
following formulas, [3 and 6-7]:
𝑆𝑆𝑢𝑢 = 𝑆𝑆𝑦𝑦 sin 𝜃𝜃 + 𝑆𝑆𝑥𝑥 cos 𝜃𝜃
(14)
𝑆𝑆𝑣𝑣 = 𝑆𝑆𝑦𝑦 cos 𝜃𝜃 − 𝑆𝑆𝑥𝑥 sin 𝜃𝜃
𝑆𝑆

(15)

𝑆𝑆

𝑞𝑞𝑏𝑏 = 𝐼𝐼 𝑣𝑣 ∑𝑛𝑛𝑖𝑖=1 𝑣𝑣𝑖𝑖 𝐵𝐵𝑖𝑖 + 𝐼𝐼 𝑢𝑢 ∑𝑛𝑛𝑖𝑖=1 𝑢𝑢𝑖𝑖 𝐵𝐵𝑖𝑖
𝑢𝑢𝑢𝑢

𝑇𝑇 = 2 × 𝐴𝐴 × 𝑞𝑞𝑠𝑠,𝑜𝑜

(16)

𝑣𝑣𝑣𝑣

(17)

Where: T: applied torque produced by the shear flow,
A: the enclosed area of the section,
Sv and Su the shear force in the v-and u axis, (principle axis),
Sy and Sx the shear force in the y and x-axis, (centroid axis).
And finally the equation used in calculating of the angular of twist θ for the double cell
wing box,
1

2𝐺𝐺𝐺𝐺 = 𝐴𝐴 ∮ 𝑞𝑞𝑠𝑠

𝑑𝑑𝑑𝑑

(18)

𝑡𝑡

Where: G: shear modulus of rigidity of the materials.
Using the following equation, the moment caused by the open shear flow, qb can be
obtained as
𝑇𝑇 = ∑𝑛𝑛𝑖𝑖=1 2 𝐴𝐴"𝑖𝑖 𝑞𝑞𝑏𝑏

(19)

Where: Ai”: the strip area or element area.
Equation 19 is then substituted in equation 17 to determine the balanced shear flow, qs,o.
Then the final shear flow can be calculated by the following formula:
Final shear flow, 𝑞𝑞𝑠𝑠 = 𝑞𝑞𝑏𝑏 + 𝑞𝑞𝑠𝑠,𝑜𝑜

(20)

𝑇𝑇 = 2 ∑ 𝐴𝐴" 𝑞𝑞𝑠𝑠

(21)

Finally for calculating the shear centre, the moment is taken about some point (say
about the mid-point on the rear spar), and the moment is equal to double area multiplied
by the shear flow, and symbolized to these strip areas with A”i, therefore the moment is
written as:

The shear centre along the chord can be calculated at each section using equation (22):
𝑆𝑆𝑆𝑆 =

∑ 𝑇𝑇

(22)

𝑆𝑆𝑣𝑣

Shear stress distributions, τ due applied shear force and applied torsion for both wing
cells can be obtained as:
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Shear Stress,𝜏𝜏 =

𝑞𝑞𝑠𝑠

(23)

𝑡𝑡

Where: qs: Final shear flow, t: Thickness of the web/skin.
COMPUTER PROGRAM
It’s a well-known fact that computers have brought in a great revolution in the field
of engineering education with the basic power point presentations in the class room
lectures to the advanced educational software’s. Educational software’s have contributed
to a great level in the teaching learning process; the otherwise difficult concepts for
students to understand were made easy by these tools.
The students of advanced courses such as aircraft structures finds it very difficult
to understand the concept of advanced mechanics of materials topics such as unsymmetric
bending, shear centre and shear of open and closed symmetrical and unsymmetrical
sections, for both single and double wing cells with multiple stringers and spars.Hence an
educational software associated with such advanced courses will be very useful to the
students and it will act as a complementary tool to traditional teaching and learning
methods.
A comprehensive short term project based on available software should be given to
the students to estimate final stresses on an aircraft wing will make them crystal clear
about the application of these advanced topics in analysis and design of aircraft structures.
Therefore this work aims to develop a computer program within the MATLAB
software for stress analysis and structure properties of wing cells with multiple
stringers.The detailed input data required and the overall process of the developed
program are illustrated in a simple manner through the use of flow chart shown in Figure
(4 and 5).

Figure 4: Flow chart of the program for
the single cell wing box

Figure 5: Flow chart of the for the double
cell wing box
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FABRICATION OF WING BOX STRUCTURE
Wing surfaces of fixed wing aircraft generally consist of spars, ribs, skin and
stringers, see Figure (6). The wing chord of small UAV aircraft is about 800 mm with the
main spars located at 25% and 75% of the wing chord from the leading edge of the wing.
The used airfoil section is SD7062, but because the section is cambered and due to the
limitations of fabrication capabilities, the wing box is then modified to have one axis of
symmetry of wing the chord, with some modification of the depth of the main wing spars.
The modified dimensions of the wing box components are 400 mm chord, 110 mm and
43 mm for the front and rear spars respectively, see figure 6. The wing box properties are
presented in Table (1). The fabrication of aircraft components generally involves joining
of one part of the component to another.
Fabrication Process

The first step before the fabrication of the wing box is the drawing the entire wing
box structure components individually and then assembled together using the AutoCAD
computer program. Based on these drawings, the following steps are summarized the
fabrication process using the traditional method (available) shown in figure 7.
Table 1: Details of the fabricated single cell wing box.
Component
Upper skin
Lower skin
Front Spar, F/S
F/S flange
Rear Spar, R/S
R/S flange (C)
Upper stringers
Lower stringer
Ribs

Length
2400
2400
2400
30
2400
30
2400
2400
400

Height

Section

110

C

43

C

15*20*15
15*20*15
110 to 43

Z
Z
C

Thickness
20 SWG
(020914)
SWG
(020914)
SWG
( 20 SWG
)
(020914)
SWG
( 20 SWG
)
(0
914)
20 SWG (0.914)

Where SWG is Standard Wire Gauge.

20 SWG
(020914)
SWG
(0 914)

Figure 6: General view of the wing box using AutoCAD program.
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Figure 7: Fabrication steps of the single cell wing box.

CASESANALYSIS AND RESULTS
Case Analysis 1: Fabricated Single Cell Wing Box
Centre of Gravity

Small single cell wing box with 400 mm chord and 200 mm in length with the same
section properties used in the wing box shown above is fabricated for the centre of gravity
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location. After many trails, the location of the centre of gravity is found and measured at
186 mm from the front spar in the chord-wise direction, at 100 mm along the length of
the wing box and at zero in the vertical direction due to the symmetry of the wing box as
shown in Figure (8)).
The theoretical analysis is carried out using the developed program to calculate the
following the structure properties, see table 2.
1. Centre of gravity.
2. Moments of inertias.
3. Shear flow
4. Shear centre.
5. Bending and Shear stresses.

Figure 8: Centre of gravity of the fabricated single cell wing box.
Table 2: Structure details of the idealized fabricated wing box.

R1
S2
S3
F4

Upper rear spar
Stringer
Stringer
Upper front spar

Boom
Area (mm2)
53
68.20
70.58
62

F5
S6
S7
R8

Lower front spar
Stringer
Stringer
Lower rear spar

62
70.58
68.20
53

Item No

Item Name

X (mm)

Y (mm)

399.5
263.967
130.637
0.5

22
32.15
42.3
55.25

0.5
130.637
263.967
399.5

-55.25
-42.3
-32.15
-22

The structure properties, bending and shear stresses are obtained using the developed
program; the results are presented in Figure (9). The difference in percentage error of the
C.G. is about 2.59%, which is very acceptable at this stage; see Table (3) and Figure (10).
Table 3: Validation of the centre of gravity from the front spar.
Centre of Gravity (CG), mm
Item

Theoretical

Experimental

Error in %

CG

190.8244

186.0

2.59
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Bending moment of Inertia, Ixx

Static test is carried out to find the tip deflection of the fabricated single cell wing
box under several tip concentrated loads simulating a cantilevered boundary condition,
see Table (4), from which the bending moment of inertia of the fabricated single cell wing
box section is then calculated.
Dial or digital gauges with stands are not available in the department to measure
both the tip deflections and the angular displacements.A very simply basic method
(Ruler) is used to measure the tip deflection of the wing box at different tip loads, see
Figure (11). The tip loads are placed at the theoretical shear centre position to avoid any
angular displacement.
However, for the angular displacement and shear centre position, the torsional
stiffness of the wing box is very stiff and required a higher applied torsion loads, which
is not available and also required a very strong support structure. For the above reasons,
the experimental test for the shear centre is not carried out.

Figure 9: Results of the developed Program for the fabricated single cell.

Figure 10: Theoretical Centre of gravity and shear centre of fabricated single cell.
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Figure 11: Deflection tests of the fabricated single cell wing box.

The bending moment of inertia based on the measured deflection for the
cantilevered wing box under tip concentrated loads is determined using equation 24.
𝑃𝑃𝐿𝐿3

𝐼𝐼𝑥𝑥𝑥𝑥 = 3𝐸𝐸∆

(24)

𝑒𝑒𝑒𝑒𝑒𝑒

Where, P = Tip applied load (N).
L = Length of the wing box, (2400 mm)
E = young modules of the used materials (72000 N/mm2 for Aluminum
materials), [3 and 8].
Δexp = Measured tip deflection, mm
The theoretical bending moment of inertia, Ixx is 823384.04 mm4, see Figure (9)
The variations in percentage between the applied tip loadsand the measured
deflection and bending moment of inertia are compared and presented in Table (4). The
average values are then used for the final validation of the bending moment of inertia
with the error of 8.402%, which is considered as a very good results compared with the
used equipment’s.
Table 4: Theoretical and measured deflections of the fabricated wing box.
Load, Kg
0.5
1
2
3
4
5
6
7
Average

Theoretical

Measured

Error in

Measured

Bending Moment

0.38125
0.762511
1.525023
2.287535
3.050047
3.812558
4.575070
5.337580
2.716447

0.4
0.8
1.7
2.5
3.4
4.2
5.0
6.0
3.0

-4.91665
-4.91651
-11.4737
-9.28793
-11.4737
-10.1622
-9.28794
-12.4105

784800
784800
738635
753408
738635
747429
753408
732480
754199.4

4.68603
4.68603
10.2927
8.49859
10.2927
9.22479
8.49859
11.0403
8.402
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Case Analysis 2: Single Cell Wing Box, [1]

This problem is presented in [1], page number 338 to calculate the following:
1. Centre of gravity.
2. Moments of inertias.
3. Shear flow.
For more details regarding the section properties, the reader should refer to [1].Using
the equations presented above for the single cell wing box, the final shear flow
distribution of the section and centre of gravity, shear centre are presented in Figure (12)
and [1]. The final shear flow and structural properties of the wing box using the developed
program are presented in Figure (12, 13) and Table (5).

Figure 12: Section Properties and final shear flow of the single cell wing box, [1].

Figure 13: Developed program results, Matlab of the single cell wing box.
Table 5: Developed program results of the single cell wing box.
Item Name
Number of booms
XCG
YCG
Ixx
Iyy
Ixy
Θ
Iuu = Ixx
Ivv = I yy
The check value
Shear center, S.C

Property/No.
8
271.5789 mm from (F/S)
0 mm
13860000.00 mm4
80185263.16 mm4
0 mm4
0.00 degree
13860000.00 mm4
80185263.16 mm4
10000.00 N
223.38 mm from (F/S)
f
( / )
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Final shear flow qs, N/mm
qs
qs
qs
qs
qs
qs
qs
qs

(1,2)
(2,3)
(3,4)
(4,5)
(5,6)
(6,7)
(7,8)
(8,1)

12.71979
-5.31773
-34.17776
-37.78526
-34.17776
-5.31773
12.71979
17.04879
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Case Analysis 3: Double Cell Wing Box, [3 and 6-7]

This problem is presented in [3, 6-7], Figure (14) below shows a typical distributed
flange for unsymmetrical wing box section. The skins are stiffened by stringers and the
spar caps. All the required geometrical information for stringers and spar caps are given
in the following table 6. The results of the developed program are presented in Figures
(15-17).

Figure 14: Idealized unsymmetrical double cell wing box, [3, 6-7].
Table 6: Geometrical properties of the idealized unsymmetrical double cell, [3, 6-7].
Item No
1

Item Name
Upper stringer

Boom Area

Y (mm)

X (mm)

90

100

-829

2

2

Upper stringer

90

151

-732

3

Upper front spar

245

175

-621

4

Upper stringer

110

184

-530

5

Upper stringer

110

189

-415

6

Upper stringer

110

188

-315

7

Upper stringer

110

182

-215

8

Upper stringer

110

173

-100

9

Upper rear spar

187

162

-9

10

Lower stringer

110

-83

-831

11

Lower stringer

110

-123

-732

12

Lower front spar

180

-148

-621

13

Lower stringer

200

-185

-468

14

Lower stringer

200

-203

-310

Lower stringer

200

-216

-153

226

-222

-9

15
16

Lower rear spar

Figure 15: Developed program results for bending stress of the double cell wing box.
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Figure 16: Program results for shear flow and shear stress of the double cell wing box.

Figure 17: Centre of gravity and shear centre for the double cell wing box.

VALIDATION OF THE THEORITICAL RESULTS
Case Analysis 2: Single Cell Wing Box, [1]

Table 7 shows the comparison of results obtained by [1] and the developed computer
program. The computer program results are very close (same) compared with the results
obtained by [1].
Table 7: Validation for shear Flow and centre of gravity of the single cell.
Shear Flow qs, N/mm
Wall
12
23
34
45
56
67
78
81
CG

Presented, [1]
Program
12.7
12.71979
-5.4
-5.31773
-34.3
-34.17776
-37.9
-37.78526
-34.3
-34.17776
-5.4
-5.31773
12.7
12.71979
17
17.04879
Centre of Gravity (CG) mm
271.57
271.5789
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Error in %
0.15
1.5
0.35
0.30
0.35
1.5
0.15
0.28
0.003
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Case Analysis 3: Double Cell Wing Box, [3 and 6-7]

Table (8, 9 and 10) show the comparison of results obtained by [3, 6-7] and the
developed computer program for the double cell wing box.
Table 8: Validation for bending stress of the double cell wing box.

Table 9: Validation of shear Flow, centre of gravity and shear centre.
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Table 10: Validation of shear stress of the double cell wing box.

CONCLUSIONS
Structural properties, bending and shear stresses are calculated successfully using the
developed computer program within the MATLAB commercial software for both single
and double cells wing structure with multiple stringers made from aluminum materials.
Fabrication of the wing box single cell is successfully completed, and CG location and
bending moment of inertia are identified (experimentally) and obtained based on
measured deflections respectively.
The results of the developed program for the three case studies are further compared
and validated to the open literature and experimental results of the wing box. The error in
percentage is found to be less than 3% for the centre of gravity and stresses, and less than
10% for the bending moment of inertia for the fabricated wing box.
Parametric analysis for different materials of wing, boom areas, web thickness and
different loadings on the wings can be carried out using this program. Thus the program
can be used for preliminary design and sizing of an aircraft wing. The present software is
expected to be a useful tool to enhance the teaching and learning process of courses on
aircraft structures and aircraft structural design.
REFERENCES
[1]
Megson, T.H.G, Aircraft Structures for Engineering Students, Fourth Edition,
2007,Elsevier Ltd, Oxford, UK.
[2]

Sun, C. T. Mechanics of Aircraft Structures,2006, John Wiley& Sons, Inc.,
Hoboken.

[3]

Bruhn, E.F. Analysis and design of flight vehicle structures, June 1973, Jacobs
Publishing Inc, U.S.A.

Journal of Engineering Research (University of Tripoli, Libya)

Issue (23) March 2017

133

[4]

Niu, M.C. Airframe stress analysis and sizing, 1997, Hong Kong Conmilit Press.

[5]

Experts Mind, http://www.expertsmind.com/questions/nature-of-distribution-ofbending-stress-30119745.aspx.

[6]

Young J. B. Stresses in Unsymmetrical two Cell Wing Box section, Detail
Stressing Course Notes, Aircraft Design Group, DES 8733-8734, 1992, Cranfield
University UK.

[7]

Mohamed kaheal Vibration characteristics of aircraft wing structure, MSC thesis,
2006, Mechanical engineering, Al-Mergeb University.

[8]

Cutler John, Understanding Aircraft Structures, Fourth Edition, 2005, Blackwell
Publishing, UK.

Journal of Engineering Research (University of Tripoli, Libya)

Issue (23) March 2017

134

