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Abstract 

The technical information needed to replicate a prototype is usually concealed when aircraft 

manufacturers patent new designs. Competitors must face this problem by developing inverse 

engineering processes that are validated by simulations and design thinking processes to find any 

patent weaknesses. 

      This paper focuses on a case study for patent analysis, applied to a revolutionary new concept in 

aircraft design: Patent #US2014/0319274A1 “Aircraft including a passenger cabin extending around a 

space defined outside the cabin and inside the aircraft”. The computer simulations were performed 

first by a low computational software, "FlowDesign" (Autodesk), and afterwards, by a professional 

tool "3DWind tunnel" (MicroCFD). Results revealed that the drag coefficient and the drag force 

decreased 5.8 % and 3.8 % respectively at climbing, while the lift force increased up to 47 % for a 

pitch angle of 6 ⁰. The patent weaknesses reside in a wrong seat arrangement and not taking into 

account the possibility of a "hole" variable to adapt aircraft shape to different flying operations. 
(Received in November 2017, accepted in May 2018. This paper was with the authors 2 months for 2 revisions.) 
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1. INTRODUCTION 

The incoming aeronautical framework for the future aircraft design requirements is forcing 

the most relevant manufacturing companies to develop an active research policy on 

innovation in order to reach leading positions over competitors. These innovations are 

protected from being copied thanks to the legal coverage of patenting. 

      Innovation, as a concept, is commonly based on ideation, which is defined as a complex 

activity at the core of design thinking where the technical information between designers is 

intertwined with draft and design tools [1]. This results most of the times in patents that may 

seem too futuristic and far from current usability. In spite of this, the legal coverage of patents 

ensures technological leadership when new circumstances appear (e.g. new material 

developments, new social trends, etc.) that allow these patents to become feasible inventions. 

Back to aeronautical manufacturing, this point of view has been the main argument used by 

big companies, such as Airbus or Boeing, to publish the results of innovation through 

ideation; therefore, several patents are signed every year even if there is no commercialization 

purpose planned in the near future. 

      Design research, when abridging ideas of innovation in patent reports, requires a high 

creative skill to transform drafts and outlines into professional reports that should include 

enough technical information to summarize the main desired advantages of the patent. For 

this reason, patents are written after creating a design through problem solving processes that 

remark the relevance of understanding the design principles. This statement has been used by 

some researchers to warn educational background managers about the risk of future 

generations of engineers that could be unprepared to create useful designs if they have not 

been thoroughly trained in this matter [2]. On the one hand, legal patents under design 

analysis offer an excellent source of case studies to provide examples that may encourage 

other researchers, or university educators, to carry out studies in design thinking applied to 
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design engineering [3]. On the other hand, the patents’ legal coverage to protect ideations may 

be a contradiction in itself, since its publication reveals future companies’ design proposals 

offering strategic information that may lead competitors to develop countermeasures to these 

future innovations. 

      This paper is an extended case study on patent analysis with two main scopes: the first 

scope is to offer an example of how the process of technical reviewing, applied to patent 

analysis, could be carried out by a competitor to acquire a better understanding of a new idea, 

its advantages and its possible design weaknesses; and the second scope focuses on the 

relevance of inverse engineering, which takes advantage of design, modelling and computer 

simulation to transform a limited information input (simple drafts extracted from a pdf file) into 

technical data. Regarding computer simulations, it is necessary, first of all, to state clearly that a 

limited source of information affects results in such a way that they may not be validated by its 

absolute value. However, the strategy of using simulation results to contrast model variances 

allows validating results when expressed as a percentage of an increasing or decreasing value of 

one model in relation to another selected as a baseline [4]. Appling this to the case study, two 

models were drawn, one with a hole in its centre, and another one without it, with the main 

purpose of referring results of the model with a hole to the one without it. 

      This paper is structured as follows: a first section is focused in analysing the information 

regarding patent #US2014/0319274A1 “aircraft including a passenger cabin extending around a 

space defined outside the cabin and inside the aircraft”; the second section is dedicated to set 

and perform flow computer simulations to extract technical information, the results of which are 

later discussed in the conclusions section, in order to provide an understanding that ends with a 

design improvement proposal. 

2. PATENT ANALYSIS 

2.1  Design thinking applied to design research 

The term design thinking is being used at present to refer to the human-centred open problem 

solving processes that decision makers use in order to solve real “wicked” problems [5]. In 

patent analysis, design thinking is a matter of interest for engineering educators [6] since it 

may be considered as an important tool for novice engineers to develop creativity skills. 

      The combination between design research and design improvement by patent analysis 

may be easily achieved by understanding how design requirements could be conciliated to 

optimize an innovation [7]. Under this scope, design thinking processes have been applied 

along this paper’s structure, firstly by analysing the patent in order to extract as much 

information as possible, and, later, by applying inverse engineering to draw a real size 3D 

model plus an alternative design to contrast the simulation results (in this case: a model with a 

hole in its centre and one without it). The computer simulations were performed with 

“Autodesk Flow Design”, which offers a low computational cost, and afterwards with 

“MicroCFD 3D Wind Tunnel”, professional and advanced simulation software. 

2.2  Source information analysis: Patent #US 2014/0319274A1 

The information reported when professional reviewing is applied to a patent may be worth an 

entry in an analysis logbook, which defines not just the underlying structure of data support 

but also the best practices that focus in design aspects. Therefore, the process of learning by 

analysing helps students and novice engineers [8] to understand main engineering design 

principles where minimum information is expected to be enough to replicate models. 

      The case study selected, “aircraft including a passenger cabin extending around a space 

defined outside the cabin and inside the aircraft”, can be summarized regarding the design 
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concept as a complex flying wing with a hole in its centre, the main advantage of which 

resides in the pressure resistance being increased by decreasing the structural bottom 

requirements, which, at the end, increases the available space for passengers. Nevertheless, in 

terms of innovation, flying wings have been deeply analysed in terms of aerodynamics and 

flying principles [9], so there are some previous contrasted assumptions regarding their 

advantages which are: lower wetted area to volume ratio, lower interference drag and better 

aerodynamic results compared to conventional aircrafts. However, the “hole” concept is an 

innovative design aspect that opens a new review opportunity to test the idea of applying an 

inverse engineering process on the information that is poorly described in the patent report. 

      The report shows almost sixteen figures that represent several design views or cross 

section areas that do not belong to a singular design. Perhaps, it can be deduced that the main 

purpose could have been to include, under the patent coverage, several manufacturing design 

options. The patent describes almost six embodiments of the invention (see Fig.1), where 

figures labelled inside the patent from 0 to 8 (same as in Fig.1, to remain consistent with 

patent figure titles) represent the first idea of the concept, showing several views of the same 

flying wing. Figs. 9 to 10 correspond to a second design inside the patent, where the aircraft 

has been modified to a bigger scale with more than one open structure in its centre. The third 

embodiment, Fig. 11, shows a difference in the structure delimiting the passenger cabin, 

without an aft projection. Figs. 12 and 13 are partial top views of a possible fourth and fifth 

embodiment and Figs. 14 and 15 are cross-sectional views of Fig. 13 while, finally, Fig. 16 is 

a cross sectional view of a possible sixth embodiment. 

2.3  The inverse engineering process 

The academic scope when analysing different kinds of innovation projects is usually based on 

teaching basic methodologies in order to customize and optimize product design and 

development processes [10], which constitutes the academic competences of design 

engineering at present. However, sometimes when these processes are performed by novice 

engineers some other competences may be missing such as those acquired after working for a 

long period of time on multidisciplinary teams. 

      The analysis of several case studies helps consolidating academic and professional 

competences [11] when novice engineers or engineering students are required to proceed first 

with the analysis of a predefined set of performance metrics, assessment methodologies and 

acceptance criteria in order to obtain an optimal design. 

      The theory of axiomatic design defines optimal design as the proposal that has the 

minimum information content while satisfying all the functional requirements [12]. However, 

in order to optimize a previous design, a full understanding of the original design is required, 

which includes finding out what information may be missing or concealed, such as the 

reasons that could have led first designers to choose some options over others. It is under 

these circumstances that inverse engineering processes help restore the designs to a previous 

state, in order to develop form-finding procedures which can be supported by design analysis 

and simulations [13], thanks to computer-aided design systems [14]. 

      In a similar way, inverse engineering is also defined as the common process of revising a 

set of drawings and reports, submitted (by a contractor when it is applied to an "as built" 

report) upon completion of the work [15]. Applying this definition to design developments, 

the inverse engineering process could be defined then as the process of analysing and 

studying all the information reported that allows recovering a functional model of the design. 

      The information reported inside patents usually does not provide any technical aspects or 

definitions, or data tables or any other parameters that could help validate the advantages of 

the design described in the patent purpose statement. Therefore, it is necessary to perform an 

inverse engineering study to build a 3D model in order to calculate parameters through 
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computer simulation, to identify design advantages based on simulation results rather than 

descriptions. 
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Figure 1: Representative draws at patent #US2014/0319274A1. Source: Public information service 

https://www.google.com/patents/US20140319274. 

      The reverse process starts with the analysis of the drawings inside the patent, by inserting 

all the images in a CAD software to build a 3D design, using a step by step methodology 

which requires a search for external sources of information to extract any data that could be 

considered in order to scale the model to a real size. This process was conducted by paying 

special attention to some details inside each drawing, like seating details, suitcases, doors and 

tires, the size of which has a correspondence in dimension with real objects and so it may help 

determine a scale factor. 

      In spite of possible resizing errors that could affect the results of the computer simulation 

when calculating airflow parameters, this research focused on the idea of comparing designs 

(one with the functional hole and other without it) in order to establish that any scale errors or 
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any lack of precision while drawing the 3D model will affect both models in the same way, 

which means that the simulation results could be accepted if the results between designs are 

cross referenced. 

      Finally, in order to increase the model accuracy as much as possible, it was assumed that 

the seats in the drawings followed the last trend in sizing dimension of a relevant aircraft 

manufacturer. Thanks to technical papers such as “airplane characteristics for airport 

planning” of Airbus, it was established that the actual seat size of the design corresponds with 

the latest Airbus trend, where the seat places are enlarged for economy class, from 17 inches 

to 18 inches (measured from the middle of one arm rest to the other). The final sizing of the 

patent design (see Fig. 2) created a model with 88.58 ft (27 m) of length, 150.92 ft (46 m) of 

wingspan, 22.97 ft (7 m) of maximum fuselage height, 12.5 ft (3.81 m) of cabin height and 

19.69 ft (6 m) of cabin width. The full model was drawn with AutoCAD 2013 by attaching 

figures of the pdf file as a background layer so poly-lines could be easily drawn to follow the 

pdf edges and, therefore, to make a wire structure to be transformed into a 3D model by solid 

making tools, “loft”, “extrude”, “union”, “intersect” and “subtract” among other commands. 

 

Figure 2: Useful dimensions extracted from the patent designs. Source:  #US2014/0319274A1 patent. 

3. COMPUTER FLOW SIMULATIONS 

3.1  Flow simulation by Autodesk 

Autodesk provides free software with high technical tools for engineering students. Some of 

these tools may have computing limitations but can be downloaded just by signing in as a 

university member or a member of any other higher education centre. Among all the 

Autodesk utilities of high interest for designers, there is a wind tunnel simulator, the ”Flow 

Design (FD)” (its latest version #103.2014.04.29), that calculates the drag coefficient and 

drag force by using a transient flow solver for subsonic flows, it shows transient (time-

dependent) results that might  not otherwise be seen by the user in a steady-state simulation. 

      The drag coefficient is a non-dimensional parameter that depends on the Reynolds number 

and represents the drag results given by an object’s geometry and its form and its skin friction 

drag, so lower values means less aerodynamic resistance to air flow and therefore a best 

design feature. The main disadvantage of the Autodesk Flow Design software is that the 

simulation is limited to subsonic flow (<150 m/s) and it is not able to set up any other 

boundary conditions beyond the simulation resolution and the wind velocity. Therefore, the 

scientific accuracy of the results could be discussed when contrasted against other results 

extracted from real wind tunnel experiments. 

      However, when this software is used to evaluate similar models (same boundary 

conditions), it may be an easy tool to assess whether design changes can be considered as an 
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improvement or a worsening in relation to an original design just by measuring the 

differences on drag coefficient for both models (the original and the proposed one). 

      The drag coefficient can be plotted against the pitch angle by running several simulations 

with different pitch angles and velocities thanks to a complicate data post processing, where 

quadratic regressions (see Fig. 3) may be easily estimated. In the case study, these equations 

were labelled as f () for results corresponding to the 3D model without a hole in its centre 

and 𝑓(∝) for the model with a hole, so both equations could be compared and analysed 

afterwards. 

 

Figure 3: Examples of drag coefficients plot vs pitch angle for both models. 

3.2  Flow simulation by MicroCFD 

The MicroCFD Virtual Wind Tunnel software suite analyses 2D, axis-symmetric, and 3D 

aerodynamic flow over a wide range of Mach numbers from low subsonic (Mach 0.1) to 

hypersonic (Mach 10) speed. It runs a boundary-layered modelled, viscous, compressible flow 

solver for high Reynolds numbers, unsteady flow with fully turbulent wakes. This software 

has been validated through experimental data in several studies published on the MicroCFD 

website (www.Microcfd.com) and has been put to the test for over a decade by a diverse 

number of clients in academia, government, and industry. 

      The 3D Virtual Wind Tunnel (VWT) used in this design study imports stereo lithography 

(STL) files, a standard cad format based on surface triangulation. Once an ASCII or binary 

STL file has been opened with the VWT, it can be visually inspected and checked for validity. 

Common problems with STL output from cad software include improper or inconsistent 

orientation of triangular facets, triangles that have collapsed onto lines, and facets with 

missing, inverted, or otherwise incorrectly oriented outward normal vectors. The MicroCFD 

VWT is fairly robust in regard to minor gaps in triangular surface definition, unlike other 

commercially available CFD software packages. 

      Once the STL file is loaded into the VWT, the model can be flipped and rotated around 

any axis until it is properly pointed in the direction of the wind, undergoes surface refinement 

and flow field meshing, and has its flow properties set with just a few mouse-clicks. The user 

then has the choice to run the simulation on either single or multi-core CPU, or on an 

NVIDIA compatible graphic processor unit with hundreds of CUDA-cores. Typical run time 

on a high-end PC is four to six hours. The simulation stop time is automatically pre-set based 

on the setup conditions and yields 95 percent or better convergence of aerodynamic forces 

and moments, which can be monitored in pre-set or custom simulation time step increments. 

      After the computation is completed, the flow field can be sliced in any plane along the 

major axes to insert stream particles or show contour plots of local Mach number, pressure, 

density, temperature, or entropy. Likewise, the model itself can be coloured and this feature is 

present in any of the available flow properties. The Cartesian mesh consists of 31 million 

fluid and solid cubic cells, equally divided into near field and far field of the flow. At the 

fluid-solid interface, the cubic cells are cut according to the refined surface triangles such that 

proper boundary conditions can be defined. The relative size of the model with respect to the 
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near- and far-field of the flow is set by the software in order to always achieve optimum 

results. 

      A visualization of near-field flow around the model being investigated is shown in Fig. 8, 

which is embedded into a far-field five times its cubic size. Although not seen in the figure, 

the far-field flow can be made visible. The diameter of the stream particles was set to one grid 

unit and thus represents the size of the cubic fluid cells and determines the fineness of the 

uniform Cartesian near-field mesh. Unlike many other CFD applications, which generally 

smooth the visualized results of the computed flow while disguising the underlying mesh, 

MicroCFD maps all colour contours directly onto the mesh, thus preserving the discrete 

nature of the solution. This helps to better judge the quality of the computed flow. 

4. FLOW SIMULATION RESULTS 

Results for flow simulations were collected in Table I (Autodesk Flow Design) for drag force 

coefficients and Table II (MicroCFD Virtual 3D Wind tunnel) for lift force results in 

relationship several speed and pitch angle options. 

Table I: Data collection table for drag force coefficient calculations. 

 MODEL WITH A HOLE 
Descending Angles Climbing Angles 

m/s 336⁰ 339⁰ 342⁰ 345⁰ 348⁰ 351⁰ 354⁰ 357⁰ 359⁰ 0⁰ 3⁰ 6⁰ 9⁰ 12⁰ 15⁰ 18⁰ 21⁰ 24⁰ 
18 0.82 0.75 0.8 0.69 0.57 0.52 0.51 0.52 0.47 0.43 0.44 0.23 0.22 0.29 0.33 0.39 0.43 0.5 
33 0.74 0.65 0.61 0.64 0.56 0.59 0.55 0.52 0.46 0.47 0.36 0.23 0.23 0.29 0.33 0.43 0.42 0.5 

66 0.66 0.69 0.66 0.59 0.6 0.63 0.54 0.53 0.52 0.46 0.34 0.25 0.22 0.29 0.3 0.43 0.45 0.52 
132 0.66 0.59 0.65 0.6 0.62 0.65 0.59 0.53 0.45 0.41 0.42 0.24 0.28 0.3 0.35 0.44 0.47 0.54 
150 0.7 0.74 0.71 0.68 0.6 0.61 0.48 0.52 0.46 0.44 0.37 0.29 0.24 0.28 0.33 0.41 0.42 0.5 

 MODEL WITHOUT A HOLE 

18 0.75 0.72 0.68 0.66 0.69 0.62 0.55 0.54 0.48 0.41 0.35 0.26 0.27 0.31 0.33 0.46 0.45 0.53 
33 0.72 0.65 0.65 0.67 0.55 0.6 0.54 0.54 0.43 0.39 0.34 0.28 0.29 0.32 0.36 0.47 0.5 0.6 

66 0.73 0.74 0.72 0.66 0.65 0.57 0.55 0.51 0.43 0.44 0.32 0.24 0.25 0.34 0.33 0.41 0.49 0.57 
132 0.77 0.72 0.6 0.63 0.62 0.64 0.64 0.51 0.44 0.41 0.35 0.29 0.29 0.33 0.35 0.39 0.43 0.6 
150 1.09 0.88 0.65 0.68 0.53 0.53 0.58 0.52 0.45 0.42 0.35 0.26 0.26 0.29 0.33 0.48 0.49 0.56 

Table II: Data collection table for lift force calculations. 

  MODEL WITHOUT A HOLE MODEL WITH A HOLE 

Speed Ascending Pitch Angles Ascending Pitch Angles 

(Mach) 6 10 18 24 6 10 18 24 

0.2 -8.91E+04 <<0 <<0 <<0 -5.88E+04 <<0 <<0 <<0 

0.3 -1.24E+05 4.70E+05 3.21E+06 2.34E+06 -6.80E+04 4.26E+05 2.85E+06 2.05E+06 

0.46 -2.215E+05 1.19E+06 3.92E+06 5.75E+06 -9.47E+04 1.01E+06 3.48E+06 4.91E+06 

0.7 -1.04E+06 2.34E+06 9.29E+06 1.34E+07 -6.80E+05 2.05E+06 8.01E+06 1.14E+07 

4.1  Flow design results by Autodesk 

When the simulation boundary conditions are unknown, some assumptions need to be made 

in order to set the software parameters; therefore, it was assumed that the 

climbing/descending rates for the design were close to standard rates for similar aircrafts, 

which means that the pitch angles to be studied were between 0-6
 ⁰ to 24

 ⁰ for climbing rates 

and -1
 ⁰ (359

 ⁰) to -24
 ⁰ (336

 ⁰) for descending rates. The five levels of flying speed were 

studied between 40 mph (18 m/s) and the highest speed available for the simulation software 

which is 336 mph (150 m/s). 

      The wind tunnel size was set as recommended by Autodesk, inside a box two times the 

aircraft length at the front and four times the same distance at the back. The model must also 
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be centred inside the tunnel with a free space on both sides of at least two times the aircraft 

width and at least two times the maximum aircraft height above and below, which at the end 

implied a size of 230 m (width)  189 m (length)  35 m (height). A first overview of the 

results (see Fig. 4) revealed that the model with the hole provides a slight improvement for 

the drag coefficient but just for some descending and climbing angles. 

 

Figure 4: Median values of drag coefficient for a speed range of 18-150 m/s. 

      However, for pitch angles between -3
 ⁰ and +6

 ⁰ the model without the hole produces 

similar values in a speed range between 18-150 m/s. This circumstance was taken into 

account when defining the improvement factor as the difference of drag coefficients for each 

model comparing with the model without the hole. In order to perform this comparison, the 

simulation was set for a speed range as shown in Table I, which results were adjusted 

afterwards by applying quadratic regressions for each case (see Table III). The acceptance 

criteria was established by the coefficient of determination with a minimum of 0.75, requiring 

to make different regressions for climbing and descending pitch angles. 

Table III: Quadratic regressions and final results of drag coefficient dependent on pitch angle. 

m/s Descending Angles  (-1 ⁰ to -24 ⁰) Climbing Angles (0 ⁰ to +24 ⁰)  

18 𝑓(𝛼)18𝑑 =-0.0003α2 - 0.0185α + 0.471; R2= 0.95 

𝑓(𝛼)18𝑑 = 0.0003α2 - 0.0095α + 0.4576; R2=0.91 

𝑓(𝛼)18𝑐 = 0.0012α2 - 0.021309α + 0.3904 ; R2= 0.86 

𝑓(𝛼)18𝑐 = 0.0014α2 - 0.0309α + 0.4383; R2= 0.76 

(1) 

33 𝑓(𝛼)33𝑑 = -0.0002α2 - 0.0151α + 0.4539; R2= 0.85 

𝑓(𝛼)33𝑑 = 5E-05α2 - 0.0084α + 0.4805; R2= 0.88 

𝑓(𝛼)33𝑐 = 0.0012α2 - 0.0195α + 0.379; R2= 0.97 

𝑓(𝛼)33𝑐 = 0.0014α2 - 0.0302α + 0.4303; R2= 0.79 

66 𝑓(𝛼)66𝑑 =-0.0004α2 - 0.0231α + 0.4208; R2= 0.98 

𝑓(𝛼)66𝑑 = -0.0001α2 -0.0102α + 0.5047; R2= 0.83 

𝑓(𝛼)66𝑐 = 0.0015α2 - 0.0268α + 0.4021; R2= 0.91 

𝑓(𝛼)66𝑐 =  0.0016α2 - 0.0316α + 0.4251; R2= 0.87 

132 𝑓(𝛼)132𝑑 =-0.0002α2 - 0.0147α + 0.476; R2= 0.76 

𝑓(𝛼)132𝑑 = -0.0006α2- 0.0207α + 0.464; R2= 0.75 

𝑓(𝛼)132𝑐= 0.0013α2 - 0.0245α + 0.4152; R2= 0.82 

𝑓(𝛼)132𝑐 = 0.0014α2 - 0.026α + 0.4113; R2= 0.94 

150 𝑓(𝛼)150𝑑 =0.0015α2 + 0.0156α + 0.5309; R2= 0.92 

𝑓(𝛼)150𝑑 = -0.0003α2 - 0.0204α + 0.432; R2= 0.91 

𝑓(𝛼)150𝑐= 0.0014α2 - 0.0251α + 0.3998; R2= 0.89 

𝑓(𝛼)150𝑐 = 0.0013α2 - 0.0276α + 0.4272; R2= 0.87 

 𝑉𝐷𝐶 = {
∑ ∫ �̂�(𝛼)·𝑑𝛼

a
b

𝑣𝑛
𝑣1

|∑ ∫ 𝑓(𝛼)𝑖·𝑑𝛼
a

b
𝑣𝑛
𝑣1 |

} − 1    (2) 
𝑉𝐷𝐶 𝐶𝑙𝑖𝑚𝑏 = - 0.057  (a = +24 ⁰; b = 0 ⁰)  
𝑉𝐷𝐶 𝐷𝑒𝑠𝑐𝑒𝑛𝑡 = - 0.146  (a = -1 ⁰; b = -24 ⁰) 

 

𝑓(𝛼) =  𝑀𝑜𝑑𝑒𝑙 𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐻𝑜𝑙𝑒;  �̂�(𝛼) = 𝑀𝑜𝑑𝑒𝑙 𝑊𝑖𝑡ℎ 𝐻𝑜𝑙𝑒;  𝛼 = 𝑃𝑖𝑡𝑐ℎ 𝐴𝑛𝑔𝑙𝑒  𝑉𝐷𝐶 = Relative Valoration 

           Regarding the drag force, (see Figs. 5 and 6) there are also some pitch angles where the 

model without the hole provided less drag forces than the model with the hole. The greater 

differences were reported for higher speeds, but some results were almost equal for pitch 

angles between -3
 ⁰ to 15

 ⁰. In this case, it was not necessary to make different regressions for 

climbing and descending angles (see Table IV). 
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a) Model "With a Hole" b) Model "Without a Hole" 

 

Figure 5: Autodesk 3D Flow results for drag force in kN at a speed range of 18-150 m/s. 

 
 

 

  

Figure 6: Examples of Autodesk 3D Flow results for drag force in kN. 

Table IV: Quadratic regressions and final results of drag force dependent on pitch angle. 

m/s Descending Angles  (-1 ⁰ to -24 ⁰) Climbing Angles (0 ⁰ to +24 ⁰)  

18 𝑓(𝛼)18 =0.0306α2 - 0.53995 α + 11.063; R2= 0.95        𝑓(𝛼)18  = 0.0352α2 - 0.5993α + 10.006; R2= 0.98 

(3) 

33 𝑓(𝛼)33 = 0.115α2 - 1.5795α + 34.627; R2= 0.95   𝑓(𝛼)33  = 9.83E-2α2 - 1.7079α + 34.879; R2= 0.96  

66 𝑓(𝛼)66 = 0.46α2 - 7.82823α + 139.78; R2= 0.96     𝑓(𝛼)66  = 0.385α2 - 6.889α + 145.59; R2= 0.93  

132 𝑓(𝛼)132 =1.755α2  - 28.337α + 579.62; R2= 0.94     𝑓(𝛼)132 = 1.424α2 - 24.452α + 594.67; R2= 0.92 

150 𝑓(𝛼)150 =-3.2479α2 - 46.762α + 619.27; R2= 0.96  𝑓(𝛼)150 = 2.1163α2 - 37.73α + 733.02; R2= 0.7  

𝑉DF = {
∑ ∫ �̂�(𝛼)·𝑑𝛼

a
b

𝑣𝑛
𝑣1

|∑ ∫ 𝑓(𝛼)𝑖·𝑑𝛼
a

b
𝑣𝑛
𝑣1 |

} − 1   (2) 

𝑉𝐷𝐹 𝐶𝑙𝑖𝑚𝑏 = - 0.038   (a = +24 ⁰; b = 6 ⁰) 

𝑉𝐷𝐹 𝐷𝑒𝑠𝑐𝑒𝑛𝑡 = - 0.095  (a = -1 ⁰; b = -24 ⁰) 

𝑉𝐷𝐹 𝐺𝑙𝑜𝑏𝑎𝑙 = - 0.066  (a = +24 ⁰; b = -24 ⁰) 

 

𝑓(𝛼) =  𝑀𝑜𝑑𝑒𝑙 𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐻𝑜𝑙𝑒;  �̂�(𝛼) = 𝑀𝑜𝑑𝑒𝑙 𝑊𝑖𝑡ℎ 𝐻𝑜𝑙𝑒;  𝛼 = 𝑃𝑖𝑡𝑐ℎ  𝑉𝐷𝐹 = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑉𝑎𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛 
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4.2  Virtual 3D Wind Tunnel results by MicroCFD 

The simulations were set up for ascending pitch angles (6
 ⁰, 10

 ⁰, 18
 ⁰ and 24

 ⁰) and for a 

speed range between 0.2 - 0.7 Mach (0.2, 0.3, 0.46 and 0.7 Mach) in order to contrast both 

designs to calculate the lift force. The results were collected in Table II and plotted in a Box 

and Whisker chart (see Fig. 7) to provide a quick view over the lift forces obtained after 

almost four hours of simulation for each pitch and speed configuration setup (see graphical 

example of the results in Fig. 8). 

  
a) Model "Without a Hole" b) Model "With a Hole" 

 

Figure 7: MicroCFD results of lift force at speed range from 0.2 to 0.7 Mach. 

 

Figure 8. MicroCFD graphical results plotted at pitch angle 10º and speed 0.46 Mach. 

      The analysis of the lift force showed that the hole addition to the design does not provide 

a lift improvement for all simulated cases. Once again, these simulations were not performed 

to define absolute values of lift force, mainly because there are several details that were not 

described in the patent, such as winglets, flaps, spoilers and slats that may affect the results in 

such a way that the negative values of lift obtained could even be positive. However, a 

comparison in terms of the relative variation of the lift force provided a valid estimation of the 

effects caused by the hole design concept when defining a global indicator of improvement, 

which required to adjust quadratic regressions that could be contrasted to obtain a global 

percentage of increasing or decreasing lift force values for the model with the hole in 

reference to the model without the hole (see Table V). 

      The result analysis indicated a negative effect because the lift force in the model with the 

hole decreased 18.7 % for the pitch angles and speeds range selected. Notwithstanding, for  

a pitch angle of 6
 ⁰ the lift force was increased by about 47

 
%, which shows a clear 
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improvement for a standard flying operation. Back to the design review, it could be accepted 

that the hole may improve the main flying aspect of the aircraft but just for a specific range of 

flying parameters, which would mean that a new design half way between both models 

analysed could be the key to propose a design improvement. Perhaps, a model with a variable 

cross section hole could bring best results for any pitch and speed setup. 

Table V: Quadratic regressions and final results of lift force dependent of speed flow. 

Pitch  Model Without a Hole  Model With a Hole  

6 𝑓(𝑣) = −3E+6 · 𝑣2 + 57064 · 𝑣; R2= 0.96 𝑓(𝑣) = −2E+6 · 𝑣2 + 494307𝑣 ; R2= 0.94 

 (4) 
10 𝑓(𝑣) = 4E+6 · 𝑣2 + 609316 · 𝑣; R2= 0.99 𝑓(𝑣) = 3E+6 · 𝑣2 + 49867𝑣 ; R2= 0.99 

18 𝑓(𝑣) = 1E+7𝑣2 + 4E+6𝑣 + 1.38E+5; R2= 0.97 𝑓(𝑣) = 1E+7𝑣2 + 4E+6𝑣 + 1.17E+5; R2= 0.98 

24 𝑓(𝑣) = 3E+7𝑣2 − 47067𝑣; R2= 0.99 𝑓(𝑣) = 2E+7𝑣2 − 89367𝑣; R2= 0.99 

 𝑉𝐿𝐹 𝐺𝑙𝑜𝑏𝑎𝑙 = {
∑ ∫ �̂�(𝑣)·𝑑𝑣

0.7
0

𝑝𝑛
𝑝1

|∑ ∫ 𝑓(𝑣)𝑖·𝑑𝑣
0.7

0
𝑝𝑛
𝑝1 |

} − 1      (5) 
𝑉LF Global = -0.187 

𝑉LF P=6⁰ = + 0.471 

 

𝑓(𝑣) =  𝑀𝑜𝑑𝑒𝑙 𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝑎 𝐻𝑜𝑙𝑒; �̂�(𝑣) = 𝑀𝑜𝑑𝑒𝑙 𝑊𝑖𝑡ℎ 𝑎 𝐻𝑜𝑙𝑒; 𝑣 = 𝑀𝑎𝑐ℎ 𝑠𝑝𝑒𝑒𝑑  𝑉LF = Relative Valoration 

5. CONCLUSIONS 

The design of aircraft configurations (including safety aspects) needs to be accomplished 

taking into account several parameters and standards related to the aircraft structure, shape 

and size such as wing dimensions, flapping windows, service facilities, among other complex 

matters. This helps understanding why final design layouts must be developed by 

multidisciplinary teams who work together under an innovative design context, so they may 

take advantage of multidisciplinary skills [16] by transferring knowledge processes when 

applying design concepts from one industrial environment to another. 

      Regarding the design of possible wing configurations for passenger planes and 

commercial purposes, even though it has been a study matter of high interest for the last 

twenty years [17], implementation processes and design aspects still need to be developed or 

improved. This leads aircraft manufacturers (i.e Airbus, Boeing, among others) to keep 

producing several new patents to take advantage of wing designs through new developments. 

      The drag coefficient, drag forces and lift forces may be considered crucial design 

indicators [18] to evaluate whatever conceptual modifications may be regarded as an 

improvement to be deeply analysed or not. Under this point of view, numerical simulations 

play an important role to test design modifications that can be professionally performed by 

design engineers both novice and senior with a high interest in the field of aeronautical 

design. 

      In relationship with computer simulations, the MicroCFD software offers a suitable option 

given the high accuracy of its results, its friendly interface and its low license cost, while the 

Autodesk flow design may be limited on some computational calculation aspects and presents 

itself as a less professional tool. However, both generate enough information to make design 

decisions by contrasting results in relative terms of improvement by a percentage that 

represents increasing or decreasing values. 

      In the case study analysed, it could be stated considering the Autodesk flow design that 

the design modification of the hole provided a drag reduction for descending angles of about 

14.65 % and for climbing angles of about 5.8 %, see Table III, Eqs. (1) and (2). In addition to 

these results, there was also a global reduction of the drag force for the full spectre analysed 

(pitch angle: -24 to 24
 ⁰, speed: 18-150 m/s) of about 6.6 %, see Table IV, Eqs. (3) and (2).  

9.5 % if it was evaluated just for descending pitch (-1⁰ to -24⁰) and 3.7 % if it was evaluated 

just for climbing angles (0
 ⁰ to +24

 ⁰). Meanwhile, MicroCFD allowed to determine that the 

lift force depending on flow speed was affected by a global reduction of 18.7 % for the model 

with the hole design, see Table V, Eqs. (4) and (5); however, for a pitch angle of 6
 ⁰, it 
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produced a lift force increase of 47.06 %, which reveals that the hole design is a clear 

advantage for the standard flying pitch angle. 

      This case study may also open several future research lines, for example, the design 

overlap with other aircraft manufacturers such as Boeing through patent US# 208/0230654 

(see Fig. 9), the possible implications of noise reduction due to the hole design, passengers 

and cargo accommodations, serrated winglets implementation and managerial implications of 

the design such as new landing procedures [19]. Finally, within an academic purpose, it will 

be expected to design more case studies by analysing the results of implementing immersive 

lessons in aeronautical design, increasing their difficulty step by step under similar inverse 

engineering processes. 

 

Figure 9: Boeing flying wing view. Extracted from patent #US2008/0230654. 

5.1  Design improvement proposal 

Multidisciplinary design optimization (MDO) offers the opportunity to bring performance 

analysis to early stages of design by providing an expanded set of design alternatives that can 

be easily generated, evaluated and ranked according to multiple performance criteria by a 

simultaneously quantified trade-off analysis [20]. The ultimate goal of design engineering for 

product/process study is to enhance the performance after a redesign process to effectively 

improve its future use [21]. For this reason, it is required to match knowledge inside a 

multidisciplinary team with functional design aspects other than the minimization of 

processes cost [22]. As an example, when applying these concepts to this case study it was 

detected that the seating layout in the patent showed 122 seats placed in a radial arrangement, 

which seems to take advantage of the circular shape at the same time that increases the 

number of passenger places. 

      However, this layout has some disadvantages, such as some possible passenger discomfort 

due to side forces since some seats have to face a crosswise layout in relation to the direction 

of travel. The radial seats arrangement could be also a reason to complain for some 

passengers, not only due to travel sickness caused by side forces, but for not having enough 

free space at the front of the seat when seats are assigned near the centre of the aircraft. 

      In a multidisciplinary team, safety designers could have done an important contribution to 

improve the patented design just by facing all seats in the direction of aircraft travel, which in 

addition to offering the same leg room for all passengers, the potential number of emergency 

exits could have also been increased in spite of decreasing the carrying capacity by ten units 

(see Fig. 10). The simulations also helped to understand for some flying operations, such as 

take-off, how a variable cross section for the hole design (see Fig. 11) may increase the lift 
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forces when closed. This fact could finally encourage the patent designers to take into 

consideration a new design option (one with a variable opening) to increase the range of legal 

coverage that is offered when patenting. 

 
a) Seat arrangement in Patent #US2014/0319274A1. 

 
b) Seat arrangement proposal. 

Figure 10: Seat arrangement proposal and exits location. 

  

Figure 11: Iris aperture modification proposal for future research. 
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