WSEAS TRANSACTIONS on ADVANCES in ENGINEERING EDUCATION
DOI: 10.37394/232010.2021.18.7 Giacomo Frulla

Didactical Tool for Wing Weight Estimation in a Preliminary Aircraft
Design Stage

GIACOMO FRULLA
Department of Mechanical and Aerospace Eng. (DIMEAS)
Politecnico di Torino
Corso Duca degli Abruzzi 24, 10129 Torino
ITALY

Abstract: - Aircraft preliminary design requires a lot of complex evaluations and assumptions related to design
variables that are not completely known at a very initial stage. Didactical activity becomes unclear since
students ask for precise values in the starting point. A tentative in providing a simple tool for wing weight
estimation is presented for overcoming these common difficulties and explaining the following points: a) the
intrinsic iterative nature of the preliminary design stage, b) provide useful and realistic calculation for the wing
weight with very simple assumption not covered by cumbersome calculations and formulas. The purpose of the
paper is to provide a didactic tool to facilitate the understanding of some steps in estimating wing weight at the
preliminary design level. The problems of identifying the main variables for the initial estimation is dealt with
and specifi aspects that are usually hidden by the complexity of the involved disciplines and by the usual
calculation methods applied in structural design are pointed out. The procedure is addressed to highlight main
steps in wing weight estimation for straight wing weight to highlight the main steps in estimating the wing
weight for a general aviation straight wing aircraft at the preliminary design stage. The effect of the main
variables on the wing weight variation is also presented confirming well-known results from literature and
design manuals.
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1 Introduction potentially with important interest in detailed

design, introduce the need to solve and analyze
Aeronautical design usually requires the solution of coupled and complex equations that often tend to
complex and multidisciplinary problems. Several divert the designer attention from the preliminary
disciplines often not so easily analyzed, are aspects of the design. This happens even more
investigated taking into consideration a certain level during the didactic interaction with students also if
of coupling in specific phenomena [1,2]. Several these aspects remain essential for correct
aspects have to be taken into consideration in identification of design configuration. From an
searching a solution to the design problem. Such a educational point of view, it is always of
solution has to fulfil all the expected performances fundamental importance to be able to present the
and regulatory requirements aimed at maintaining main concepts of design with a progressive and
safety and structural integrity in the operational increasing difficulty levels by means of subsequent
field. The introduction of innovative and alternative steps so that the complexity of the procedures and
configurations such as the electric powered case, calculation methods does not make it difficult to
hydrogen fuel cell powered ones, or electro-solar distinguish which are the dominant points and
platform [3,4], requires an in-depth comprehension variables in the selection of the configuration. The
of aero-structural aspects often not addressable same applies in reducing the most significant design
without the necessary numerical support. The phenomena to the main basic terms to initially
presence of behaviors associated with flexibility and configure the aircraft. Detailed assessments
low weight such as linear and non-linear flutter connected to those phenomena that require deep
phenomena [5,6,7], new method for composite numerical/analytical investigation and experimental
structure design [8] or scaling laws application [9] , verification are postponed to further design steps. It

is therefore very useful from a didactical point of
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view to indicate the main and basic steps for wing
weight estimate at the preliminary design phase.
The design activity in general is associated with an
ideal and operational path that, starting from the
known initial data (project data), tries to reach a
system / machine / object that realizes them in the
operating conditions respecting the expected
boundaries. The process that leads from the initial
data to the solution is called “design” and involves a
series of assessments and checks on compliance
with the initial assumptions that are not always fully
defined. Most of the variables remains unknown and
requires an iterative procedure for achieving an
effective result solved out operating through
optimization methods for selecting the best
compromise with respect to initial requirements and
expected performances. A defined configuration
("SOLUTION") has been made available at the end
of the design stage: all aspects and behaviors have
been defined as verified. This configuration must
then be supplied to the manufacturer who will carry
out and build a prototype (Fig. 1). By critically
comparing the initial data with the proposed
solution (“VERIFY”), it is possible to check
whether the expected performances have been really
fulfilled. After “MANUFACTURING” the aircraft
prototype has been built and it is possible to arrange
experimental (“TEST”) activities on it under
established operating conditions. Verification and
testing are therefore closely associated with the

design activity.

INITIAL DATA

Figure 1: Main steps in design and manufacturing

The design activity is said to be concluded only if
tests have given a positive result. The first phase
indicated in the Fig.2, is detailed explained in Fig.3
introducing the “conceptual/preliminary” step:
starting from the collection of the main committed
requirements, a set of values of the main variables
involved in the design has been determined to
produce a reasonable estimate of expected
performances [1,2,10,11]. All useful aspects of the
selected or proposed configuration will be made
available to the subsequent design phase (“detailed
design”) which provides drawings useful for
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fabrication. The flow of the activity included in the
first part and shown in the Fig.3 specifies how this
flow of operations is intrinsically iterative and
useful for comparing proposed solutions with the
initial requirements: all the aspects have been
verified by the selected configuration with a certain
level of effectiveness (optimal) compared to the
parameters initially introduced such as minimum
weight, minimum cost, maximum specific
performance, etc. In the preliminary phase of the
aeronautical design several disciplines have to be
included, evaluating all those technological aspects
that have an impact on the selected configuration
(Fig. 4) [12,13,14].

INITIAL DATA
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MANUFACTURING

PROTOTYPE

Figure 2: Overall view of the Aircraft Design Phases
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Figure 3: Specific detail of the initial design stage

Some of them can be reported as an example such
as: the architecture, the material (with the typical
and innovative properties), the technological
process, etc. These options orient and define a
specific configuration that will present all those
initially expected advantages or that will indicate
the non-feasibility or sustainability of a certain
selection. Very often, at the end of the preliminary
phase, contradictory conclusions have been found
with respect to cost and weight expectations and a
decision has to be assumed for continuing to the
subsequent phase. An estimate/evaluation of
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weights related to several components involved in
the aircraft have been introduced with an immediate
and reasonable way.

DESIGN STEPS and IMPACT of il rRRericy

TECHNOLOGIES

Requirements

Preliminary design . Architecture

Configuration of components
Constraint
“Tolerances
Size
Materials and Processes

Production
Prototype
“Tools and fixtures
Production plants and lines
* Quality assurance system
4 Work schedule and control
Control of manufacturing operation

Figure 4: Technological aspects in multidisciplinary
Preliminary Aerospace Design phase.

Detailed design

Drawings
CAD
CAM

From the didactic point of view, it is always a
critical point to go inside the intrinsic iterative
nature of the design procedure and to explain the
wide uncertainty in the definition of the initial
values for those variables involved in preliminary
design stage. The way in which the iterative
sequence has started can often not be defined and it
is usually closed in the mind of experts in related
disciplines or consultants. Several authors tried to
give a sort of ideal list or “vademecum” for a correct
initial decision and fruitful work in design such as
statistical database, decision making procedure,
performance matrix and so on. In several cases
personal experience or know-how, established by
previous  activity  performed on  similar
configuration, guides the designer into this initial
critical decision environment [13]. There are
questions that students frequently ask such as:

a) how do I evaluate the initial weight for any
aircraft component? b) What is the starting
procedure in evaluating the wing weight? ¢) What
load do I consider to be effective for the selected
configuration? d) How can I evaluate initial guess
for unknown variables to speed up the solution?
And so on. Despite having all the information in
hand to carry out these calculations, they are in an
uncertain position and are not able to continue. In
the following sections a simple didactical procedure
has been proposed for supporting this critical
decision point [13,15]. The procedure is related to
the case of wing weight estimate for a typical
general aviation aircraft such as those covered in
CS-23; CS-25 airworthiness rules. The open
literature presents a wide range of research articles
about this subject. Geometric parameters and
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simple structural equations for reinforced shell
stress determination are used in [16, 17, 18] while
statistical and classical design handbook as in
[1,2,13,14,18], are used in [19,20,21]. Formulas
related to wing mass estimation were similar or in
some cases the same as the well-known handbook in
design. Similar procedure supported by CAD and
FEM schemes are introduced in [22,23,24,25]. In
this case the structure is almost prepare knowing
any details or at least most details involved so the
weight estimate is more precise and representative,
but it is not considered as a preliminary estimate in
design procedure. It can be viewed as a detailed
evaluation as for detailed design phase. A procedure
based on reinforced shell scheme plus FEM is
presented in [26]. This case is more flexible in
design variation as concerned in preliminary design
so it should be preferable in a design loop.
According to this short literature review, well-
known semiempirical formulas or statistical
methods remain the basic methodology for wing
weight determination. With this in mind and
referring to previously described motivation for
didactical approach, a simplified procedure is
presented in this paper. The procedure can also be
easily transformed into a numerical tool or
subroutine or excel sheet useful for students. Basic
structural and aerodynamic concepts and formulas
related to thin-walled reinforced skin construction
and trapezoidal/rectangular-trapezoidal  straight
wing are considered. Simple reduction as in
[23,27,28,29,30] has been reported with specific
simple estimate of unknown components.

2 Procedure description and basic

assumptions.

According to design manuals, the weight of the
wing is commonly separated in two main parts: a)
structural weight which includes all those
components useful for supporting the applied loads
and b) non-structural weight referring to all those
added parts which do not give a contribution to the
strength and stiffness of the wing but are necessary
for a complete wing shape definition (connecting
parts and ribs, envelope closure, internal systems
and so on). Fuel in wing and other masses
eventually distributed inside the wing are considered
in a separate term. In general, non-structural weight
can be assigned as a fraction of the structural weight
or determined according to the evaluation of the
remaining parts completing the wing shape beyond
the structural one. The wing structure is usually
manufactured by means of a thin-walled box
configuration positioned on a fraction of the chord
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length and leaving the remaining one to non-
structural contributions. The definition of the
structural weight is so referred to the well-known
analytical evaluation based on the reinforced-shell
scheme. This elementary scheme provides the
presence of concentrated areas (stringers) used to
support longitudinal stress and two-dimensional thin
sections (panels) used to support the shear stresses
generated by shear-torsion loads. The material
needed to make the structural part must therefore be
defined once the applied loads are made available
for calculation. However, the load applied to the
wing structure remains a function of the
aerodynamic contribution developed in operating
conditions and of the relieving part due to the
inertial reaction according to the selected load
factor. At the preliminary design level, when the
geometries and airfoils as well as the performance
of the aircraft are not yet defined, common
questions arise: what aerodynamic load has to be
considered? What mass of the wing has to be
introduced in the calculation? An answer to these
points can be determined with reference to the
maximum take-off weight and design load factor
established in the initial design data-list connected
to wing shape, wing airfoil and flight attitude. It
becomes evident how the resulting vertical load on
the wing can be expressed by following integral and
local resultant equations respectively:

O=L-nW, (1)
dQ dL  dw

= - _p— W — — 2
dx dx dx qL nqw ( )

By didactical point of view two observations arise:
1) the preliminary design phase is intrinsic iterative
(wing weight is not determined but it is a function of
the resultant load), 2) this iterative nature requires
an initial estimate for the involved variables which
will be corrected at each interaction as new updates
are made available. The internal structural
geometries have been changed at specific iteration
following more realistic load distribution and
compliance to regulatory and performance
requirements. From aerodynamic point of view, it is
well known that most performing expected load
distribution on finite wing is near elliptical while
the worst distribution is near a linear one [23]. This
gives an answer to previously reported question: in
a generic trapezoidal or rectangular-trapezoidal
straight wing an average lift distribution can be
assumed with a certain confidence. An example is
reported in figure 5.
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This  distribution  (Fig.5) is not exactly
correspondent to the real one, but it is considered
satisfactory while waiting for the real distribution
derived by the aerodynamic design group. The real
distribution can be introduced into the calculation as
soon as it has been made available and the iterative
tool is repeated for final definition, Since the
maximum take-off weight is initially set as a design
data (or assigned from considerations about similar
aircraft) and the load factor depends on the category
of the aircraft, the total aerodynamic load is
established assuming the wing as the only available
surface.

Wing loading distribution

=3

120000
100000
80000
60000 + elliptic

= linear

load(N/m)

40000

average
20000

0

-20000

half-span b (m)

Figure 5: Typical distribution for an optimal and
poor aerodynamic configuration

The inertial load associated with the masses
distributed on the wing (structural and non-
structural) must be also considered in reducing the
wing total load. Resultant distributed load can be
used for shear load, bending moment and torsion
moment determination along the wing half-span

according to the following relations:
b

T(z)=-[[g,()=nq,(2)]dz

z

()

My ()= [T (4)

b
M = [m(2)dz (5)
Egs. 3,4,5 follow well known sign convention and
assumptions in simplified beam-wise wing
representation from basic structural handbook
[29,30]. No engine and no fuel in wing is initially
considered, but they can be introduced easily. Based
on the load distribution as in Fig.5 and considering
the basic relationships for the elementary reinforced
shell section, the wing structure is divided in two
fundamental parts: bending stress resistant section
“Ab” and shear stress resistant section “At+Ators”
(due to shear load and torsion) [28,29]. Well-known
equations can be proposed based on very simplified
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assumptions in terms of geometry and structural
configuration: 1) the half-wing is assimilated to a
straight beam without sweep angle, 2) the radius of
inertia of the section must be derivable in a simple
manner, 3) the component of area associated with
the vertical shear is assigned only to the vertical
parts of the section, 4) the torsion moment is applied
to a single cell scheme as an approximate
representation of the structural box. These points
obviously introduce a certain level of simplification
in structural behavior, but the general trend in
weight calculation is representative of the real
situation without shadowing the design concept by
means of complex formulas or numerical analyses.
As a consequence, the didactical point of view of
the procedure is pointed out enabling students to
compare ideas and weight trends for design
evaluation. Stress level at any section are
determined as follows [23]:

_ M, (2)
o) = e ©
D= )
M@
Tiors (Z) - ZQ(Z)S(Z) (8)

Simplified assumptions are evident from the
equations 6,7,and 8. Comparing the calculated stress
to the reference ones, selected from materials data-
base, the three representative sections are
determined. The same wing box must be included in
the airfoil shape, therefore there are other
constraints:

1) The maximum height of the wing-box does not
exceed the maximum assumed thickness of wing
airfoil. In the absence of the airfoil, a typical
thickness ratio of about 12% to 18% can be used
reduced by a certain amount in order to identify a
consistent shape; 2) The chord distribution along the
wing span is not known at this step but depends on
the selected architecture. wing surface, aspect ratio
and wing span. Initial estimate is proposed in this
case:

a) Consider the radius of inertia of the bending
stress section approximated by half the maximum
thickness of the profile,

b) Consider the y coordinate for stress evaluation
equivalent to the value of the radius of inertia of the
section,

c) A rectangular single cell wing-box (a and h as
dimensions) with constant thickness and constant
shear flow is assumed for torsion moment;
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d) The torque is estimated as the resulting transverse

load applied at a distance d from the elastic axis (d =
0.25-0.5 ¢).

h e = X
AW h
A VI

a

Figure 6a: Simple reinforced shell representation

S

r(x) AL -
x)= - ———————=
TN [, )

\‘lll cr,-“\l h;l

Figure 6b: Single rectangular thin-walled box and
radius of inertia determination.

The assumption a) is justified by Fig. 6a,6b, both for
the simple reinforced shell configuration and for the
thin-walled rectangular single cell with a variation
less than 10%, at thickness to height ratio not higher
then 0.1. This is completely acceptable for a
didactical situation. A possible correction can be
introduced by changing the coefficient “a-1” in the
weight estimation formula Eq. 16. Figure 7 shows
that the height of the section at 70% of the
maximum profile thickness is a good compromise
between simplicity of  calculation and
representativeness. The same thing can be said for
the width which usually does not exceed 1/2 of the
local chord providing a representative structural
section under torsion load as in the following
equations:

a=ac 03<a <0.55 (9)
h=at,  05<a,<08 (10)

t t
Q=qa, ™% 2p:2{a] +a2ﬂ} (11)
c c

A

tors

t (L |h\‘

a

=5-2p (12)

c

Figure 7: Example of torsional structural section
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The areas are then solved out by the introduction of

established admissible values for the selected
material transforming Eqs 9-12 into the following:
M, (z
A4,(z)= M (13)
O-ref rb(z)|
T(z
a0-I 1)
s—ref
M a +a,(t/c
4, ()= 2D s () |
T, | aa,(t/c)

The overall weight of the wing, including the non-

structural part has been determined such as:
b

W, =2a[[4,(2)+ 4,(2) + 4,,(2)|pdz + S, £,
0

(16)

The non-structural weight takes into account the
weight increase due to overlapping and thickening
by means of “al” coefficient, the weight due to
completion of the wing section with a coefficient
“a2” (values from 0.2 to 0.35) as a function of the
wing surface and with a coefficient “ £’ (values
within 1 and 2) as a function of the envelope
thickness “s”. The estimate of the wing weight
should remain between 5% and 15% of the assumed
take-off weight (W-mto). The estimated wing
weight can be compared with formulas available in
the literature ([2,10,11]) and a satisfactory
correlation is determined in spite of the very strong
simplification introduced for didactical needs.

3 Preliminary Results on a didactical

test case and comments

Preliminary results are derived according to the
presented simple procedure in order to demonstrate
its didactical value. Considering a Regional aircraft
configuration and a straight trapezoidal wing shape,
the following initial data are introduced as in Table
1. The half-wing geometry and the load distribution
are reported in Figure 8a, 8b respectively.
According to indicated simplifying hypotheses the
deign iteration starts with updating the final weight
and wing loading as indicated previously. The last
iteration result is reported in Table 2. It is consistent
to the expected values as in general aircraft design
handbook. A further investigation is performed in
order to indicate and explain the effect of specific
design variables on wing weight. Main design
variables considered here are the following:
thickness ratio of the selected airfoil and wing
Aspect Ratio with fixed wing surface. Results are
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reported in table 3 and 4 respectively: the wing
weight tends to decrease by increasing the thickness
ratio due to high available space inside the airfoil,
while the wing weight tends to increase with higher
aspect ratio at fixed thickness and wing surface
(high slender configuration). It is consistent to well-
known result from the literature.

chord (c)

Half-wing shape

half-span ( b)

Figure 8a: Half-Wing selected geometry.
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80000 [®L(x)-ave
= CntWestr)
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E 40000
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o
2 20000
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5 10 15
-20000

half-span (b) (m)

Figure 8b: Wing loading distribution at i-iteration.

W-mto(kg) Maximum 43000
take-off weight

n Load factor 3.75

b(m) Half-wing span | 13.76

S-w (m2) Wing area 88.7

c-root(m) Root wing 4.6
chord

c-tip(m) Tip wing chord | 1.85

TR= c-tip/c- Taper Ratio 0.403

root

TC=t/c Airfoil 0.12
thickness ratio

AR = Aspect ratio 8.54

Al; A2; f= Eq 16 1.15;0.25; 1.6

Alfa-1; Alfa-2 Eq9-12 0.35;0.75

Rho(kg/m3) Material 2800
specific mass

Ref.stress 280

(bending)(Mpa)

Ref-stress 150

(shear-

tors)(Mpa)

Table 1: initial data for preliminary example.
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W-mto(kg) 43000
W-w (kg) 2925
W-w/W-mto 0.068

Table 2: Final result on wing weight estimate.

tle 0.12 0.18
W-w (kg) 2925 2095
W-w/W-mto | 0.068 0.048

Table 3: Wing weight variation with thickness ratio

Table 5 presents wing weight variation changing
wing surface at fixed AR, chord ratio and thickness
ratio. The weight variation is analogous to the one
presented in Table 4 where the variation is related to
AR but at fixed Sw. It should be noted that the non-
structural weight level has remained a function of
the indicated coefficients as explained. User can
modify numerical values of these coefficients in
connection to specific design choice such as non-
structural material selected or mnon-structural
thickness. For high aspect ratios different internal
geometric configurations are possible if compared to
the proposed one: multi-cellular sections, stiffened
or sandwich sections, high stiff ribs for specific
design needs and so on. This deviates from the
introduced approximation and a new evaluation is
necessary.

t/c 0.12 0.12 0.12
c-tip/c-root 0.4 0.4 0.4
AR 8.58 11.5 18.03
W-w (kg) 2925 4156 7126
W-w/W-mto | 0.068 0.097 0.165

Table 4: Wing weight variation with aspect ratio
@Sw=88.7m2.

t/c 0.12 0.12 0.12
c-tip/c-root 0.4 0.4 04
Sw (m2) 68.7 88.7 108.7
W-w (kg) 2585 2925 3226
W-w/W-mto 0.060 | 0.068 0.075

Table 5: Wing weight variation with Wing Surface
@AR=8.54.

The simplified model presents typical wing weight
characteristics of the expected trends as in
[1,2,10,11] also if the tool implements a certain
level of simplification. Any other adding aspects or
variation in simplifying assumption can be entered
into the tool by user-student, according to specific
design needs. The tool is however didactically
effective in comprehension of the design steps and
concepts for students who easily understand them.
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4 Conclusion

A simplified preliminary aircraft design procedure
for wing weight estimation is presented and
discussed. Several simplified assumptions are
introduced and considered for a clear representation
of typical weight trends in aircraft wings without
losing representativeness of the results. A didactical
tool has been prepared and some preliminary results
are reported. A good and clear understanding of the
influence that main design parameters have in wing
weight  determination is  addressed. More
representative evaluation and other additional
details could be considered inside the tool as a
second level of investigation, but the validity of this
simple basic version remains demonstrated.
Presented results are in line with the ones available
by literature or specific handbook showing the right
tendency of wing weight in function of aspect ratio
and relative airfoil thickness. Didactically speaking
this is a big help in demonstrating wing weight
estimate trends to aerospace students working on
aircraft design. These trends are consistent to
expected real design situations.
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