
ABSTRACT
A procedure for defining an empirical formula for the mass estimation of the fore and aft wings

field Uof a medium range box wing aircraft is described. The procedure is based upon the work

of Howe for estimating the wing mass of conventional cantilever wing aircraft. The paper outlines

the procedure used to relate conventional cantilever wings to box wing aircraft wings. Using a

vortex lattice tool, finite element methods and regression analysis, the modification performed on

the coefficient in Howe’s method to enable its use on a medium range box wing aircraft is outlined.

The results show that the fore and aft wings would use the same correction coefficient and that

the aft wing would therefore be lighter than the fore wing on a medium range box wing aircraft.

NOMENCLATURE
AWTM aft wing torsion box mass

b span 

C1 mass coefficient 

FEA finite element analysis 

FWTM fore wing torsion box mass 

MTOM maximum take-off mass
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MW wing mass

N normal acceleration factor 

S wing area 

VD design diving speed 

τ average thickness to chord ratio

Λ1/4 quarter chord sweep angle

λ taper ratio

Subscript

B box

C cantilever

1.0 INTRODUCTION
There are renewed interests in unconventional designs as part of the search for the next future

airliner configuration. Configurations such as the box wing and joined wing, Fig. 1, have been

studied by Wolkovitch(1), Kroo(2), Nangia(3) and Henderson(4). Their studies show the higher

stiffness and lower induced drag of the box and joined configurations and hence their potential

of improved fuel efficiency and reduced direct operating costs.

Biplane configurations, from which the box wing is derived, were studied by Prandtl(5), Munk(6)

and recently Frediani(7). They all highlight the superior aerodynamic efficiency of biplane designs

over conventional configurations. Although box and joined wing aircraft are frequently referred

to as the same the configurations and principles of operation are different.  This study is not on

the classical joined wing configuration shown in Fig. 1(b) but on the box wing aircraft shown in

Fig. 1(a) which is based on Prandtl’s(5) best wing system where both wings produce equal lift forces.

The box wing aircraft configuration and principle of operation has already been successfully flight

tested by Frediani(8) with results that are in accordance with the mathematical model.
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(a) Box wing (b) Joined wing

Figure 1. Unconventional aircraft configurations.
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However, one of the challenges in the conceptual design of a box wing airliner is estimating the

wing mass component of the overall aircraft mass. An aircraft’s mass needs to be reasonably

estimated at the conceptual design phase for several reasons including the direct relationship

between an aircraft’s operating empty mass, the aircraft’s price and direct operation cost(9). This

relationship is even more paramount for novel designs where conventional mass estimation

methods may not apply. Several empirical formulae exist for estimating the mass of conventional

cantilever wings such as those given by Jenkinson(9), Raymer(10) and Torenbeek(11) but these

would be misleading if applied directly to an unconventional configuration such as box wing

aircraft. The study by Miura et al(12) on parametric weight evaluation of joined wings by structural

optimisation was aimed at presenting trends and not development of a wing mass estimation

algorithm. Furthermore, the trends presented cannot be applied to box wing configurations as their

study relates to classical joined wing aircraft (Fig. 1(b)) only.

Wing mass estimation algorithms are especially useful when quick approximate answers are

needed during preliminary investigations; such answers indicate trends without the necessity of

detailed knowledge of the aircraft. For the box wing aircraft, so far, there are no empirical

formulae for estimating wing mass. A practical approach for developing a formula for use at the

early conceptual design stage would be to modify an existing algorithm by determining the

appropriate coefficients for the fore and aft wings. To be of use such an algorithm must include

all the variable parameters which influence the answer and must not be too complex or require

detailed knowledge of the design. Torenbeek’s(11) method requires many factors not available at

the early conceptual design stage, so does Jenkinson’s(9) method as well. The main drawback with

Raymer’s(10) method at the early design stage is that it requires knowledge of the wing control

surface area. In contrast, Equation (1)(13), which is for conventional cantilever aircraft, requires

parameters usually available at the early design stage. Equation (1) is based on Howe’s(14) equation

and he states its accuracy as 86%; a value which can be considered acceptable for the conceptual

design stage.

Equation (1) is a consequence of the analysis of one hundred aircraft of all types. Its derivation

involved computing the optimised minimum mass of the wing primary structure by using

equations based on the bending and torsional strengths which were theoretically required.

Subsequently, the computed optimal mass was modified by making allowances for departure of

the structural concept from the optimum. The component of the wing mass which ensures

adequate torsional stiffness and prevents flutter is substantiated by the design diving speed that

appears in Equation (1).

Furthermore, the mass of secondary items such as high lift devices and controls, were estimated

using statistical data. The algorithm is intrinsically a compromise between wing stiffness and

lightness and is based on the use of aluminium alloy construction. There isn’t an inertia relief factor

in the equation but it is implicitly accounted for in the values of the coefficient C1. The algorithm

also uses C1 to account for different types of aircraft and layout details therefore suiting the purpose

for a box wing estimation algorithm. Some values of C1 given in the Aircraft Mass Prediction(13)

manual are shown in Table 1. Thus, Equation (1) is suitable for use in developing a wing mass

estimation algorithm for box wing aircraft. What has to be determined is the value of C1 that would

apply to the fore wing and that for the aft wing of a medium range box wing aircraft.
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2.0 REFERENCE AIRCRAFT DESCRIPTION
This work derives from a previous conceptual design of a medium range box wing aircraft

studied in Cranfield University and is outlined in Smith and Jemitola1(5). It is a 4,000nm range box

wing airliner with a maximum takeoff mass of 127,760kg and wing span of 37.6m. The fore and

aft wing gross areas are 118.32m2 each, while the sweep angles are 40 and –25 degrees respec-

tively. Overall fuselage length is 46 metres and maximum diameter 5.6m.

3.0 COEFFICIENT DERIVATION PROCEDURE
The procedure to determine the coefficient C1 of Equation (1) for the box wing aircraft is outlined

in Fig. 2. Ten different box wing aircraft models with appropriate medium range wing parameters

were generated by considering a wide range of wing parameters in order to expand the applica-

bility of the coefficient being developed. Thus, the parameters chosen represented the three

extremes of the spectrum under consideration and eight other points between these extremes as
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Aircraft type C1

Long range 0.082

Short range 0.034

Braced wing 0.021

Light aircraft 0.028-0.034

Table 1 
Aircraft type mass coefficients

Figure 2. Procedure schematic.
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shown in Fig. 3. The wing parameters of the ten box wing models were subsequently used to

generate 20 cantilever winged (ten forward swept and ten aft swept) aircraft models shown in Fig.

4. The masses of these wings were then estimated using Equation (1). Next, each of the 20

cantilever winged aircraft was modelled in a vortex lattice tool to obtain the wing load distribution

for an assumed flight condition.

The wing load distributions, including the contributions to torsion coming from the aerofoil

section properties and the moment arm between the lift application point and the elastic axis of

the torsion box were obtained from a vortex lattice analysis tool called Athena Vortex Lattice

(AVL)(16). AVL is a program that utilises vortex-lattice theory for aerodynamic and dynamic analysis

of a given aircraft geometry. It uses a vortex lattice model for the lifting surfaces, together with a

slender-body model for fuselages and by simulating the flow field it predicts the pressure distri-

bution around the simulated body.
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Figure 3. Box wing model parameters.

Figure 4. Cantilever wing model parameters.
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The wing loads were then used to perform FEA on the torsion box models of the entire

cantilever winged aircraft from which the torsion box masses were obtained. A relationship was

subsequently established between the empirical and torsion box masses of the 20 cantilever wing

aircraft. In a similar manner the ten box wing models were modelled in a vortex lattice tool to obtain

the wing loads and distribution for an assumed flight condition.  The wing loads were then used

to perform FEA on the torsion box models of the box wing aircraft from which their masses were

obtained. A relationship was thereafter plotted with the equivalent cantilever torsion box model

mass and that of the box wing. From these plots the coefficients for the fore and aft wings were

derived.

4.0 AIRCRAFT MODEL PARAMETERS
For the box wing aircraft models MTOM = 127,760kg and for the cantilever aircraft MTOM =

63,880kg. All models were designed for a 3,500nm range. Other model parameters are shown in

Figs 3 and 4.

5.0 AERODYNAMIC LOADS
Figures 5 and 6 show the load distributions for the box and cantilever wings obtained from AVL.

The effect of the fuselage on the lift distribution was accounted for by implementing 40% of the

root chord at the center line of the model as given in Howe(17).

The load condition assumed was a 2.5g manoeuvre case limit load at sea level at design diving

speed, VD, at maximum take-off weight. In a final design analysis, other loading conditions should

also be examined, which include various possible combinations of control deflections and gust

loadings. However, the conditions that were assumed in this preliminary study are considered

adequate.

6.0 FINITE ELEMENT MODEL DESCRIPTION
Due to the simplicity of the torque box and elastic axis beam type models used for the stress/strain

analysis, only general stress trends were analysed. These trends were determined as a function of the

beam span as opposed to a plane stress or shear flow analysis which would also estimate the stresses

around the torque box. Furthermore, as a first approximation only a linear analysis was conducted.
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Figure 5. Box wing load distribution. Figure 6. Cantilever wing load distribution.
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Strand7(18) was used for the finite element analysis. The Strand7 model consists of any number

of structural elements connected by a common control point grid. Several different Strand7

elements could be used to model an aircraft wing. Only beam, plate and brick elements were

considered for the finite element models. The beam element was chosen for the models because

of the enormous gain in simplicity over a plate or brick model. Beam elements have two nodes

at their ends and the single dimension is length. Other dimensions can be specified from a range

of beam sections available thereby giving three-dimensional properties. In its most general form

the beam element can carry axial force, shear force, bending moment and torque. The beam element

can also be used to simulate a bar with a non-uniform cross section by interpolating sections.

Strand7 has the capability of applying distributed or concentrated loads to a beam element. It also

can apply distributed or point torque or moment on beam elements.

Since the wing configuration analysed in this report is non-uniform (having taper, dihedral and

sweep angle), the beam element provides a more practical wing model as opposed to a brick or

plate element. Figures 7 and 8 present a beam version of the wing models. As the analysis targets

conceptualists rather than structural analysts the fuselage is omitted from the idealisation but

accounted for by the boundary conditions imposed on the model. Wing inertia relief was ignored

because its presence or absence was not going to affect the trends observed. In addition, the analysis

was conducted with all models in iso-inertia conditions (equal to zero). Due to the symmetric nature

of the torsion box model, the elastic axis and geometric centres of the wing models coincide and

it was along this axis that the loads were applied. For this reason forces and moments are

transmitted through the wing tip joints (a single grid point) by equating the respective translations

and rotations of the joint receivers at the joint. The global co-ordinate system used for static analysis

is defined in Figs 7 and 8.

7.0 WING CROSS SECTION PROPERTIES
Studies by Wolkovitch(1) indicate that the optimum wing torsion box cross-sectional profile of the

box wing configuration is one which accounts for the tilted bending axis of the wings by having

the ‘bending-resistant material’ concentrated near the upper leading edges and lower trailing edges

as shown in Fig. 9. However, for simplicity, an idealised wing torsion box cross-sectional

geometry, illustrated in Fig. 10, was used in this study. Although this is not the optimum torsion

box cross section for a box wing, it was assumed to be adequate for the present study. Furthermore,

since the wing cross sections are perpendicular to the wing’s elastic axis, the root and tip of the

swept wings create modelling problems. However, for slender swept wings and applied loads
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Figure 7. Box wing structural mode. Figure 8. Cantilever wing structural model.
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through the wing elastic axis, an effective wing root and tip may be assumed, simplifying the wing

finite element model.

The specific aerofoil sections used in this study were not required due to the conceptual nature

of the analysis although Wolkovitch(1) has highlighted the suitability of box wings for thin

aerofoils. In addition, the torsion boxes for all finite element models were assumed to occupy 50%

of the chord.

Strand7(18) beam elements require cross sectional properties as program inputs and automatically

compute properties such as wing cross sectional area A, the second moments of area Iyy and Izz,

and the polar second moment of area, J. Note that for a symmetrical cross section, Iyz = 0. The

material properties used for all the finite elements are those of aluminium alloy 2024 - T42 selected

from the Strand7 material database; modulus of elasticity E = 73.0GPa, modulus of rigidity G =

27.6GPa, density ρ = 2,770kg/m3.

8.0 STRUCTURAL SIZING AND FEA PROCEDURE
Sizing was done by implementing the algorithms outlined in Howe(17). Stiffness criteria that ensure

adequate wing aero-elastic performance was accomplished following Howe’s approach. The

idealised wing structural box model used for the finite element analysis makes the distributed flange

construction method ideal for sizing the torsion box skin and web, T1 and T2 in Fig. 9.

The torsional loads from the aerofoil section properties and from the moment arm between the

lift application point and the elastic axis of the torsion box were combined to generate an

equivalent torque applied along the elastic (and geometrical) axis of the torsion box. By superpo-

sition principle, said equivalent torque and the lift load (applied along the elastic axis as well) were

considered together to achieve a representative FEA model of the physical system.

The structural sizing and FEA procedure for each model included development of a three-

dimensional model of the port wing torsion box assembly in Strand7(18) with an initial pooling set

of values for T1 and T2 obtained from historical data. The loads obtained from AVL were then

applied in a distributed manner along the elastic axis of the wings. Thereafter, a linear analysis was

performed. A second finite element model of the same wing was then built but with the results of

the previous linear analysis implemented in T1 and T2. Distributed loads from AVL were then
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Figure 9. Box wing tilted bending axis
(1)

. Figure 10. Idealised torsion 
box cross-section geometry.
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applied and another linear analysis performed with results obtained. These results were then

implemented in a third model of the same wing and the procedure repeated until there was virtually

no change in the model’s T1 and T2 values. This state established the converged solution for that

wing model and the mass was thereafter obtained from Strand7. This procedure was performed

for all wing models.

9.0 RESULTS AND COEFFICIENT DERIVATION
The results of the outlined procedure were used to perform a regression analysis and their R2 and

p-values determined. R2 is the proportion of variability in a data set that is accounted for by a

statistical model(20). It provides a measure of how well future outcomes are likely to be predicted

by a model. The P value answers this question: If there were no linear relationship between X and

Y overall, what is the probability that randomly selected points would result in a regression line

as far from horizontal (or further) with respect to what you observed?(21). In other words the p-value

gives the probability of obtaining a test statistic as large as the one calculated from data, if in fact

the true slope is zero. Thus, the smaller the p-value the more significant the regression. Customarily,

if the p-value is below 0.05 the regression is significant(22). Plots of the torsion box masses of the

cantilever wings and their equivalent box wing aircraft wing are shown in Figs 11 and 12. Figure

11, which is a plot of the cantilever wing against the equivalent fore wing of the box wing aircraft

model gives a coefficient of determination R2 of 0.9938 and a p-value of p = 4.00 × 10–10 showing

that the regression is significant. For the aft wing, analysis gives a gives a coefficient of determi-

nation R2 of 0.9960 and a p-value of p = 7.05 × 10–10 (see Fig. 12), again showing a high linear

correlation. Thus, the relationship between the wings as cantilevers and as part of the box wing

arrangement is significant.

The empirical masses of the cantilever wings were computed using Equation 1. A plot of these

empirical masses against their finite element model torsion box masses gave the plot in Fig. 13.

The analysis gives a coefficient of determination R2 of 0.9907 and a p-value of p = 2.09 × 10–9

showing the high linear correlation.

The above procedure for the aft wings is shown in Fig. 14. The regression has a coefficient of

determination R2 of 0.9946 and a p-value of p = 2.33 × 10–10 showing that the regression fits the

points very well. It also means each individual variable has a high linear correlation with the

dependent variable. The quality indicators for all analyses are shown in Table 2.
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Figure 11. Cantilever/box relationship. Figure 12. Cantilever/box relationship.
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The key to developing a coefficient for estimating box wing aircraft wing mass lies in

establishing a relationship between the empirical masses of the cantilever wings and the results

of the FEA carried out. To this end, a relationship was established between the mass of the torsion

boxes of the wings as part of a box wing arrangement (FWTMB) and the mass of the wings as

cantilevers (FWTMC). This relationship for the fore wing is given as:

FWTMC = 0.2765FWTMB + 1,533 . . . (2)

The relationship between the empirical mass of the fore wing as a cantilever and its torsion box

mass is given as:

MW = 2.5159FWTMB + 870.96 . . . (3)

Thus, by substitution, the empirical mass of the wing as part of the box wing arrangement is given

by:

MW = 2.6956FWTMB + 4,727.83 . . . (4)

Relating this equation to Equation (1) gives:

Solving this equation for the fore wing of Box 1 model gives a coefficient C1 = 0.028.
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Figure 13. Empirical/FEA relationship. Figure 14. Empirical/FEA relationship.

Table 2
Regression quality indicators

Analysis p value R2 Adjusted R2

Fig. 11 4.00 × 10–10 0.9938 0.9931

Fig. 12 7.05 × 10–10 0.9960 0.9955

Fig. 13 2.09 × 10–9 0.9907 0.9895

Fig. 14 2.33 × 10–10 0.9946 0.9939

. . . (5)
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The values of C1 for other fore wing models gives an approximated value of 0.028. With the

average being 0.028 and the variance 2.51 × 10–8.

The above process was also repeated for the aft wing.  Here as well the average coefficient

obtained is 0.028 and the variance 2.54 × 10–8.

Thus, the empirical wing mass estimation equation for the fore and aft wings of a medium range

box wing aircraft can be written as:

10.0 CONCLUSION
The objective of this paper was to determine a value for the type coefficient of an existing weight

estimation method (Equation (1)) applicable to medium range box wing aircraft. As the name

suggests, the coefficient can account for the sort of aircraft that is being analysed, such as long

range, short range, braced wing, etc (see Table 1). The wing mass estimation coefficient of 0.028

derived for the fore wing proved to be the same as that derived for the aft wing. As the wings carry

the same load and are connected by tip fins it was anticipated that their coefficient may be the same.

Also, the wings are mutually bracing each other, the same set of constraints being applied to both.

The significance of the fact that the fore and aft wing mass estimation coefficients are the same

is that the aft wing of a medium range box wing aircraft would be lighter than the fore wing. The

reason for this is that for a medium range box wing aircraft the sweep angle of the aft wing would

typically be less than that of the fore wing (wing area being the same), the resulting mass of the

aft wing would be bound to be lower. This general result is of significant importance to the

conceptual designer, for this difference in mass would be of consideration for centre of gravity and

static margin issues of the configuration. The mass difference would also be of influence in the

positioning of other heavy items such as engines and landing gears.

The analytic models used for this study were relatively simple to reduce the data preparation

and the turn-around time of data processing. Also, the weights estimated obtained from Strand7

in this study are limited to the structural torsion box of the wing; trailing and leading edges, control

surfaces and auxiliary component weights were excluded. Thus, for more detailed analysis further

studies would be required which should include torsion box cross-sections that account for the tilted

bending axis of the box wing configuration.
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