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Summary  

This academic writing details the TGZD15 engineering project executed by Ester Garrido Estrada at 

Linköping University during the academic year 2010/2011.  

The goal is to develop a supersonic module for the conceptual design tool Tornado. When the project was 

defined, there was only a subsonic Tornado module available. However, Tornado code was designed to 

be modular in order to be easily extended with a created supersonic module and other future extensions. 

The physical and mathematical problem is to find the aerodynamic forces and moments acting on any 

aircraft lifting-surface flying at supersonic speeds. The proposed solution to this problem is to uses the 

standard vortex lattice method. The force acting on each vortex segment defined in every panel is 

determined by the Kutta-Jukovski theorem. The supersonic module differs from the subsonic in the 

aerodynamic influence between panels. 

Understanding Tornado subsonic module is the background work. The computational problem is divided 

in two different stages. On the one hand, the supersonic module code must be implemented. On the other 

hand, it is necessary to establish a connection between both modules to adapt the subsonic code to 

supersonic cases with the least possible changes.  

The Tornado supersonic module results have a good relation with the theoretical and experimental 

aerodynamic data shown and analyzed in the NACA documents quotes at the end of this writing. For 

example, the lift curve results for the unswept wings tested have 2 percent of error approximately. This 

error increases to 9 percent for swept wings. Results accuracy can be increased or decreased according 

with the number of panels used in the simulations. 

The conclusion is that Tornado subsonic and supersonic module can be used in different applications, 

including educational fields, because it offers a wide variety of results with an acceptable error. 
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Nomenclature 

    Influence coefficients   

   Aspect ratio   

  Wing span   

  Wing chord   

      Wing root chord   

     Wing tip chord   

     Mean aerodynamic chord   

   Drag coefficient   

    Induced drag coefficient   

   Lift coefficient   

    Lift curve slope   

   Roll moment coefficient   

   Pitch moment coefficient   

   Yaw moment coefficient   

         Force coefficients   

   Pressure coefficient   

   Side force coefficient   

  Force   

    Length   

      Wind axis forces   

      Body axis moments    

  Mach number   

   Normal, panel normal   

  Roll speed       

  Pitch speed       

  Yaw speed       

    Free stream air velocity     

         Induced velocity     

  Downwash from vortex     

  x- coordinate   

  y- coordinate   

  z- coordinate   

         Wind coordinates   

         Body coordinates   

  Angle of attack     

  Angle of sideslip     

  Air density       

  Taper ratio   

  Control surface deflection     

  Wing dihedral     

  Mach angle     

  Velocity potential     

  Vortex strength      

      
 Sweep of leading-edge at c/4     
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1. Introduction 

This report covers the implementation of the Tornado supersonic module. The development of this 

module allows to solve supersonic flow problems in the range 1.2 < M < 5 by Tornado.   

There are different conceptual design tools available for use in the conceptual aircraft design at 

supersonic speeds. They are also used in aerodynamic studies or aeronautical education. The available 

supersonic implementations are analyzed with the aim of find methods applicable to Tornado supersonic 

module. 

It is necessary to understand Tornado subsonic module before coding the supersonic implementation. 

Different parts of the subsonic code are reused in the supersonic code.  

To validate the supersonic code, the results are compared with NACA examples. The error in the 

values obtained, will not be the only factor taken into account; the number of panels used in the 

simulations is other important factor. The numerical results of many swept and unswept wing models 

with different aspect and taper ratio are studied and compared with theoretical values. 
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2. Theoretical concepts 

Potential flow-theory is used extensively in the design and analysis of supersonic aircrafts due to its 

simplicity. The results of the linearized-theory equations are obtained by numerical methods based on 

element grid system. The several techniques available, like the panel method or the vortex lattice method, 

have proven to be very practical and versatile theoretical tools to compute the results.  

2.1 Potential flow 

Potential flow is an ideal flow described by means of the velocity potential, being a function of the 

space and time. No such fluid exists in nature but these assumptions allow the study of many physical 

problems.  The flow velocity is the gradient of the velocity potential and the volume of a fluid element is 

constant for incompressible flows. Consequently, the velocity potential can be mathematically described 

by Laplace’s equation (see [1] p. 660).  

Laplace equation is a linear equation, so any simple solutions can be added together to solve it. 

Physically, it means that any complicated flow can be synthesized by adding together a number of 

elementary flows which are also incompressible. The main ones are the source, the horseshoe vortex and 

the doublet. For more information see [2] p. 55. 

Equations used to define the velocity potential,  , of the elementary flows in supersonic cases have a 

parallelism with those applied in the subsonic. These are summarized in Table 1. 

 Unit source Unit vortex Unit doublet 

Subsonic flow 
  

  

    
   

    

    
   

    

    
 

 

Supersonic flow 
  

  

    
   

    

    
   

   

    
 
 

 

Table 1 Velocity potential of unit elementary flows for subsonic and supersonic cases (see [3] p. 1275) 

From Table 1 is possible to see the differences between subsonic and supersonic cases concerning to 

the equations. The most important difference between the supersonic expressions and the corresponding 

ones for subsonic flow is the factor 2. An explanation of this factor can be found in [4] pp. 156-159. The 

equations which define the potential induced by a source distribution, a horseshoe vortex or doublet in 
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supersonic cases, can be obtained from subsonic equations making simple modifications; these procedure 

is developed in [3] p. 1275. 

2.2 Vortex Lattice Method 

The Vortex Lattice Method is one of the numerical methods based on the potential flow theory. The 

VLM assume an ideal flow, this involves neglect viscous effects or making other simplifications that 

affect the result’s accuracy. There are a number of different studies to demonstrate that, although Vortex 

Lattice Method assumes simplifications that affect the results, the results can be considered valid. An 

example of these studies can be found in [5] p. 62, where the accuracy of the Vortex Lattice Method is 

verified by the analysis and data comparison of some lifting surfaces. The main problem studied is a 

rectangular wing, which provides results with a fast convergence. The relation between the number of 

panels and the accuracy of the simulation is also studied (see [5] p. 62). The method used in Tornado is a 

modified Vortex Lattice Method. The difference is in the vortex segments in which the horseshoe is 

divided. The traditional vortex lattice method uses three vortex segments while Tornado uses seven 

vortex segments for each panel. The VLM mathematical procedure is defined below.  

2.2.1 VLM, mathematical procedure 

The arbitrary bodies studied are modeled as planar surfaces. All of them are meshed and a horseshoe 

vortex is applied on each quadrilateral panel before the computations. A horseshoe comes from infinity to 

one of the panels, cross it at quarter chord line and come back to the infinity behind the lifting surface. 

The vortex lines cannot terminate in the flow. For this reason, these must be closed, extend to infinity or 

end at a solid boundary. Fig. 1 shows a horseshoe vortex. The freestream, the collocation point at      

and the main dimensions of the panel are also represented. 

 

Fig. 1 Wing panel with a single horseshoe vortex 
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The horseshoe vortex has an unknown circulation or vortex strength which is constant along the 

vortex lines. It is an important parameter used to calculate the principal aerodynamic coefficients, such as 

lift and induced drag. The circulation of the bound vortex on each panel it is calculated applying a surface 

flow boundary condition which is known as Neumann boundary condition. Physically means to assume 

zero flow normal to the surface (see Eq. (1)). This condition is applied at the ¾ chord position along the 

center line of the panel.  

          

 

(1) 

 

The normal velocity can be expressed by Eq.(2). It is made up of a freestream component and an 

induced flow component.  

                         

 

(2) 

 

The induced component that appears in Eq.(3) is computed as a multiplication between the matrix of 

influence coefficients    
*
 and the vortex strength of the vortex panel studied.   

         

 

   

   

 

(3) 

Thus for each panel an equation can be set up which is a linear combination of the effects of the 

strengths of all panels. This equation is the multiplication between the matrix of influence coefficients 

and the vortex strengths equated to a right hand side vector of freestream effects (see Eq.(4)). If all panels 

are assumed to be approximately planar, then these influence coefficients can be calculated as a relatively 

simple application of the Biot-Savart law along the three component vortex lines (see section [2.3]). 

        
                 

 

(4) 

 

A solution for the strength of the vortex lines on each panel is found solving the system of equations 

obtained by specific methods as Gauss elimination. Assuming small angles, the right-hand side terms 

                                                           
*
 The subscripts of the coefficient     symbolize the induced flow on panel   due to the vortex on panel  . 
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depend upon the freestream velocity, the angle of attack for the wing and the slope of the panels due to 

camber effects (see Fig. 2). 

 

Fig. 2 General panel discretization of any lifting surface 

Once the system of equations is solved, the force acting on each panel is found using the Kutta-

Jukovski theorem (see Eq.(5)). From this force, moments and aerodynamic coefficients are computed. 

    
   

                                         

 

(5) 

 

2.3 Law of Biot and Savart 

The Biot and Savart law is commonly used in aerodynamic studies to calculate the velocity induced 

by a vortex line. In subsonic cases, Biot and Savart law can be expressed by the differential Eq.(6). 

 

     
               

    
 

 

(6) 

 

It is possible to obtain the induced velocity for a vortex segment of arbitrary length integrating Eq.(6). 

The final equation computed can be expressed by Eq. (7). The development to obtain it can be found in 

[6]. 

 

    
  

  
 

       
         

 
       

   
  

 
   
  

   

 

(7) 
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All concepts specified in this section are only applicable to subsonic potential flow. In supersonic 

problems, the same equations can be applied afterward to make slight changes. These modifications are 

consequence of the shock wave that appears because the velocity is greater than the speed of sound. In 

order to adjust the law of Biot and Savart to supersonic cases is necessary to take Eq. (7) and to derive an 

approximation of it. The final equations and the procedure are detailed in [7] p. 62. 

2.4 Mach cone and Mach angle 

The Mach cone is obtained by looking for a relationship between the speed of sound and the speed of an 

arbitrary body moving in stagnant fluid. Disturbances travel outward spherically at sound speed and at 

equally spaced time intervals. Fig. 3 compares two bodies, one moving at supersonic speeds other moving 

at subsonic speeds. While subsonic body always behind sound waves launched from previous positions, 

supersonic body moves ahead of previous sound waves. 

 

 

Fig. 3 Sketch of a body moving at supersonic (left) and subsonic (right) speeds 

From Fig. 3 it is possible to see that for a body moving at supersonic speeds a large pressure 

difference is created in front of the aircraft. This pressure difference, known as shock wave, spreads 

backward and outward from the aircraft in a cone called Mach cone where the disturbances have a special 

effect. This region is delineated by tangents envelope of sound wave spheres. These tangents are known 

as Mach lines and the angle between the Mach line and the body motion is known as Mach angle. 

Mathematically, it is an important geometry parameter in supersonic cases because it is used to determine 

the aerodynamic influence matrix of the body analyzed. Consequently the Mach cone affects the induced 

flow matrix, therefore, the vortex strengths and aerodynamic coefficients are influenced. More 

information about it can be found in [8] p. 6. Fig. 4 shows the behavior of the wave fronts when a point 
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source reaching the speed of sound. The Mach angle, , is deduced from Fig. 4 and can be defined by 

Eq.(8).   

 

Fig. 4 Graphical representation of the Mach angle 

 

                    

        
 

 
  

 

(8) 

From Eq.(8) is possible to see that the Mach angle is the reciprocal of the Mach number. This means 

that when the Mach number increases the Mach angle decrease exponentially. In order to demonstrate the 

relation between the Mach number and the Mach angle, a numerical example is hand-calculated. It is a 

flat-plate delta wing with a quarter chord sweep angle of 36.87 . The angle of attack and sideslip are zero. 

The same example is done by Tornado in section [7.1], where theoretical and computational results are 

compared. In Fig. 5 is possible to observe the relation between the Mach cone and the Mach number and 

how one change as a function of the other one. Main data of the results showed in Fig. 5 are summarized 

in Table 2. 

 

Fig. 5 Mach cone zone of influence of the wing apex over a flat-plate delta wing at M=1.6, 2.2,  3.2 and M=4.2 (left to right) 

 



Ester Garrido Estrada              Linköping university, Flumes 

Tornado supersonic module development  2010/2011 

Page  12/59 

 

Mach number 1.6 2.2 3.2 4.2 

µ(deg)
*
 38.68 27.03 18.21 13.77 

 

Table 2 Numerical results of the cases analyzed in Fig. 5 

It is important to know the difference between Mach wave and shock wave. The Mach wave is a 

tangent line useful to differentiating areas that are affected by the presence of very small disturbances and 

those are unaffected. They are known like zone of action and zone of silence. The shock wave, however, 

is produced by larger disturbances. As the flow is compressed, the temperature and the speed of sound 

changes across the shock. The shock angle becomes greater than the Mach angle because the shock is a 

disturbance formed when many Mach waves, corresponding to many tiny disturbances, all run into each 

other and coalesce. 

  

                                                           
*
 The value of the Mach angle (µ) is calculated by Eq.(8). 
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3. Available implementations of supersonic codes 

There are several implementations capable of calculating the main aerodynamic characteristics of 

supersonic flows readily available. A brief description of some of them is commented below.  

3.1 PanAir 

PanAir [9] was developed by Boeing Company under contract to the NASA Ames Research Center 

during the 90’s. The program is able to predict flow aerodynamic and hydrodynamic properties of three-

dimensional configurations. It uses a higher-order panel method to solve the linearized potential flow 

boundary-value problem in subsonic or supersonic cases indistinctly, which involves solving a linear 

partial differential equation numerically by splitting the configuration surface in a set of panels on which 

unknown singularity strength are defined. Applying boundary conditions at a discrete set of points, the 

program generates a set of linear equations relating the unknown singularity strengths. The main 

difference between PanAir and other panel method is that it uses a higher order panel method in all 

simulations; hence the singularity strengths are not constant on each panel. This program is able to handle 

complex and arbitrary configurations using either exact or linearized boundary conditions, asymmetric 

configuration as well as those with one or two planes of symmetry, symmetric configurations in either 

symmetric or asymmetric flow and to calculate pressures, forces and moments using a variety of pressure 

formulas including the forces and moments due to flow through the surface. However, it is not possible to 

obtain the expected results neither transonic cases nor cases where viscosity or boundary layer separation 

is dominant. The program which is sometimes referred to as A502 is a pilot version of the PanAir.  

3.2 Athena Vortex Lattice program 

Athena Vortex Lattice [10] can carry out the simulations of the flow around rigid aircrafts with an 

arbitrary configuration in order to do an aerodynamic and flight-dynamic analysis.  It employs an 

extended vortex lattice method for the lifting surfaces
*
 and a slender body model for fuselage and 

nacelles. The program can be accurate at low Mach numbers and becomes rapidly less accurate in 

transonic and supersonic cases. AVL applies Prandtl-Glauert correction in all cases and it introduces an 

error in the results. The error increases if swept wings are used.  Furthermore, AVL cannot determine 

viscous effects of a fluid and likewise cannot simulate flow separation; therefore, the accuracy of the 

results decreases if the angle of attack increases.  The code was developed by Drela and Youngren. 

                                                           
*
 Lifting surfaces refers to wing and tail group. 
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3.3 WingBody aerodynamic analysis program 

The WingBody program [11] is an aerodynamic analysis program used at the National Aeronautics 

and Space Administration Dryden Flight Research Center (NASA DFRC) to several aerodynamic studies. 

The aim of the program is to solve the potential flow equations in subsonic or supersonic cases. Wing or 

body configuration, or both, specified in trapezoidal constant pressure panel, flow conditions, angle of 

attack and Mach number are the main input parameters required by the program. By these inputs the 

program can simulate the wing and body surfaces like a distribution of sources, vortices or doublets in a 

linearized potential flow field. Pressure coefficients on each body panel and on the upper and lower 

surface of each wing panel are obtained. Using the differential pressure coefficient, the total aircraft force 

and moment coefficient are calculated. WingBody is also able to calculate the aircraft stability and 

control derivatives. In subsonic cases, the equivalent configuration in incompressible flow is achieved by 

a coordinate transformation based in the Prandtl-Glauert factor. If supersonic flow is required, it is done a 

change in the configuration at a concrete Mach number. 

The greatest advantage of this program is that input scheme is versatile, allowing nonconventional 

uses of the program. The use of default input values and an automatic paneling feature are other important 

characteristics of the program. Against the severest limitation is the number of panels that can be used. 

3.4 TEA201 program 

Tea201 program [12] is a program for the analysis and design of supersonic configurations. The 

program was released by NASA Langley Research Center. It uses linearized theory methods for the 

calculation of surface pressures and aerodynamic force coefficients. Tea201 consists in a single executive 

program and eight basic computer programs managers for manipulate inputs, draw the configuration, 

perform design or analysis calculations or show pressure data.  

The most important points of the program within the eight basic programs are input and pressure data. 

The first one allows defining and changing the geometry. To minimize and simplify input requirements, 

there is a special geometry module which reads all of the data and then sorts and structures the input 

needs for the basic programs. Interactive graphics have been included in the system to display or edit 

input and to permit monitoring and read out program results. The second module summarizes the wing 

upper and lower surface pressure distributions at input angles of attack or lift coefficients and it offers 

several options for showing it. Pressures from the fuselage, nacelles, wing thickness and wing lift are 
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superimposed and printed at any desired combination. All the programs were written in Fortran IV for a 

NOS operating system and do not use the international system of units (SI). 

3.5 ANSYS CFX/FLUENT 

Nowadays ANSYS CFX and ANSYS FLUENT are two of the most important programs for 

calculating the aerodynamic characteristics around three-dimensional arbitrary configurations. They can 

solve problems from incompressible to fully compressible. It means solving subsonic, transonic and 

supersonic flow cases.  

CFX and FLUENT can solve laminar and turbulent cases, using different models of turbulence. 

FLUENT can solve two-dimensional states. CFX cannot solve these kinds of problems but can calculate 

forces and moments for fluid areas. The three-dimensional bodies studied are considered like a hole 

inside the fluid domain and they are represented as a mesh space. For this reason, the accuracy of the 

results is directly related with the mesh used. ANSYS CFX/FLUENT allows to achieve reliable and 

accurate solutions, the problems are that the complexity of the equations involved, the iterative process 

and the number of panels to evaluate requires quick and robust hardware otherwise, the simulation can 

become excessively large. 

3.6 SHIFARC program 

SHIRFAC program [13] is a set of five computer programs that has been developed to compute the 

external flow field over complex geometries flying at supersonic and hypersonic Mach numbers. In order 

to study the surfaces, a computational grid is created. A second-order accurate finite difference scheme is 

used to integrate the three-dimensional Euler equations in regions with continuous flow. All shock waves 

are computed as discontinuities via the Rankine-Hugoniot jump conditions
*
. SHIRARC meets three 

different requirements. Firstly the code is able to solve the Euler equations for a wide variety of 

geometries and angles of attack. Secondly a balance between the number of panels and the accuracy of 

the results is done to have a good efficiency and thirdly, it is a user-oriented tool. The inputs of each 

                                                           
*
 Rankine-Hugoniot jump conditions are equations derived from the laws of conservation of mass, momentum, and  

   energy. They relate the behavior of the shock wave and the pressure, density and enthalpy transferred to 

   fluid before and after the shock wave appears. 
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section of the program are different and must be introduced in different ways. SHIRARC offers three 

different possible results: the aerodynamic coefficients, the boundary layer input and the sonic boom data.  

The main limitation is in the Mach number. It must be supersonic at every point of the flow field in 

the stream direction. This means that compressions in the flow field consequence of subsonic Mach 

numbers cannot be calculated. 

 

To emphasize that all the programs described are able to analyze supersonic flow cases providing results 

which are more or less accurate depending on its capabilities. 
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4. TORNADO program 

Tornado is an aerodynamic analysis program used in wing design applications and aeronautical 

education to solve linear aerodynamic wing design problems. It is based on the standard vortex lattice 

method derived from the potential flow theory. The program allows modeling a wide range of aircraft 

geometries. It can calculate the forces acting on each panel, aerodynamic coefficients or stability 

derivatives depending on different main angles for all the three-dimensional configurations simulated. 

Tornado is written in Matlab and published under GNU-General Public License.  

The severest limitation of Tornado is that it is only applicable to subsonic flows. In transonic cases the 

accuracy of the results decreases. Firstly are explained the common points of subsonic and supersonic 

modules. Subsequently, each module is analyzed separately. 

4.1 Main  features  

It is important to emphasize the main characteristics of the program before describing the 

computational structure.  

The reference system used is the Cartesian coordinate system defined by x-axis, y-axis and z-axis. 

Consequently, each point in the geometry is uniquely specifies by three numerical coordinates. The first 

wing data introduced in the program is directly associated with the main wing. The root chord of the main 

wing defines the direction of the x-axis. Furthermore, every flat surface is considered as a wing because 

in Tornado there are no differences between the main wing, the stabilizer and fin.  

Every lifting surface studied is divided in different partitions numbered outwards. A partition is a 

section of the wing where the geometric characteristics, for example, sweep, do not change. The end of 

the partition can be a point where geometry or airfoil changes. Each of these partitions is uniformly 

divided in different small four-corned elements known as panels. They are defined directly when the 

number of panels in the chord-wise and span-wise directions have been entered. In the simplest case, the 

mesh contains one panel per wing. However, if the number of partitions is increased, the accuracy of the 

results improves. Panels are numbered from the leading edge backwards in row by row outwards. Each 

wing has special features, which define the shape of the wing. These are defined during the geometry 

setup. Fig. 6 shows the partitions and panels defined by Tornado in an either swept wing.  
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Fig. 6 Partitions and panels defined by Tornado in an either swept wing 

There are three reference units used in Tornado. These are the reference area, mean aerodynamic 

chord and the reference span. They are automatically calculated during the geometry setup. All 

parameters in Tornado are expressed in the international system of units (SI). 

One of the advantages of Tornado is its user interface. It allows the user interact directly with the 

program, making that works with it will be easy and quick. Most functions in Tornado are showed as text 

menus. From an initial main menu, it is possible to access to the other four important menus: input, 

lattice, computation and post-processing and interactive operations menu. There is an external menu 

known as auxiliary operations menu, which contains release information and some help files. 

4.1.1 Input operations menu  

It is necessary to define all of the inputs required by the program before executing the solver by 

choosing a processor option. Aircraft geometry and flight state model are the most important inputs.  

From the aircraft geometry setup is possible to create a new design, load a file and save or edit a 

geometry already located in the system’s memory. It is the same for the flight state setup. If it is chosen 

the option to define a new model, the program initiates a sequence of questions. Firstly the number of 

wings and partitions of each wing is required. After that, the special features which define the shape of 

the wing for each partition should be defined. The definition of a new state model is less complex than the 
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definition of a geometry model, because only six main variables (angle of attack, angle of sideslip, roll, 

pitch and yaw angular rates and airspeed) are required by the program.  

4.1.2 Lattice operations menu 

The lattice is an important point because all the results are modified depending on the type of lattice 

chosen. Tornado offers two different options depending on the kind of wake. On the one hand, it is 

possible to solve the problem by a classical vortex lattice method, based in a classical horse-shoe. The 

wake coming off the trailing edge of every lifting surface is flexible and changes shape according to the 

flight condition [14]. 

On the other hand, it is capable to replace it with a vortex-sling. The main difference is in the wake 

created. In this last case, the legs of the shoe are flexible and divided in seven vortices of equal strength. 

These are influenced by the angle of attack and the angle of sideslip [15]. 

4.1.3 Computations operations menu 

In the computation operations menu it is possible to choose different computation methods: low 

order solutions, high order methods or auxiliary operations. Results are saved in some output files and the 

access to them can be from the post-processor menu. This menu varies depending on the flow 

characteristics, which involves changing in the computations depending if the flow is subsonic, transonic 

or supersonic. Computational operations will be more detailed in the sections [4.2] and [4.3]. 

4.1.4 Post-processing and interactive operations menu 

From the post-processor menu is possible to reach the solutions of each calculation done in the 

processor menu. Moreover, it is possible plotting old results from previous calculations because the 

results are saved in a file during the computation process. Just as the computations are different 

depending on the flow characteristics, the post-processing and interactive operations are also different. 

For this reason, it will be more detailed in the relevant sections. 

4.2 Subsonic module 

Tornado subsonic module is able to calculate cases with a Mach number included in the subsonic 

range, approximately      . In the transonic cases,            results start to be less accurate. The 

reference system used in this module is centered in the airplane. This means that the reference point of the 
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x-axis, y-axis and z-axis is any fixed point in the body. The user can define this point introducing the 

coordinates directly. 

The x-axis is defined along the aircraft body and points towards the tail of the airplane. The y-axis is 

aligned positively out with the starboard wing when the wing has not dihedral and finally, the z-axis is 

right-hand perpendicular to the x and y axis (see Fig. 10). The xz -plane is called the reference plane and 

it is useful for defining other vehicle coordinate systems. This module can calculate different 

aerodynamic characteristics, as well as bending moment, shear forces and so on.  

Regarding to the errors, the comparison between Tornado subsonic module and commercial software 

in [16] pp. 34-38 demonstrates that a slight offset in the wing inputs or reference units implies a big 

change in the aerodynamic coefficients studied. Moreover, an incorrect position of the geometric center 

induces errors in the placement of the rotation axis; the problem comes when the moments are calculated 

because these errors are squared. The most important limitation is that all results are calculated for lifting 

surfaces but not for fuselage or nacelles. 

4.2.1 Computational method 

Tornado subsonic module is developed to find aerodynamic characteristics by the vortex lattice 

method. It is written in Matlab to ensure code portability across platforms. The program is divided in 

three important parts: pre-processor, solver and post-processor. Fig. 7 shows a sketch of the internal steps 

of this module.  

 

Fig. 7 Internal structure of Tornado subsonic module 
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Inside of each part, carried out different computations and are processed different outputs. Pre-

processor and solver parts are the most important because the results of strength, forces and moments 

depends on the variables defined in the pre-processor and the computations does in solver.   

4.2.2 Pre-processor 

In the pre-processor, the vortex lattice and the boundary conditions are defined by the user inputs. 

The internal steps of this part are input dates, geometry layout and lattice meshing. The user must define 

the geometry model, state model and lattice in this division.  

Pre-processor stores all relevant information introduced by the user and forwards it to the layout 

function. After the operation of layout, the meshing function divides the partitions of the wings into 

panels. Each one of these panels is defined by four corner points. They are very important because they 

are used to calculate the area of each panel, affecting the reference unit values. Furthermore they are the 

source to calculate the position of the collocation point, the point at ¾ panel chord where the boundary 

condition should be satisfied. In general, the first point of each vortex-sling should be in the infinity 

behind the aircraft. The second vortex point is located at the trailing edge, parallel to the port side chord 

of the panel in question. The next point is located at the hinge line (if there is a deflecting control surface 

downstream of the panel) and the last one is positioned at the ¼ chord position on port side of the panel in 

question. Here the vortex crosses the panel to the starboard side and this vortex segment will later 

produce lift. The vortex line then continues rearwards on the starboard side in the same manner. XYZ 

matrix contains the x-coordinate, y-coordinate and z-coordinate for every corner of each panel. Besides 

the corner points of the panel and the collocation points, the points on the vortex sling and the normal of 

each panel are also calculated. The normal of each panel at the collocation point is an important 

parameter when is computed the flow perpendicular to the panel and some parameters such as pressure 

distribution. 

4.2.3 Solver 

This is the main part of Tornado subsonic module. Data introduced and calculated in the pre-

processor is converted to forces and moments for the calculation of the main results. As it is showed in 

Fig. 7, firstly the induced flow is computed at every collocation point. Secondly the boundary conditions 

are imposed. This means that the far field velocity vector, together with any aircraft rotation, should be 

equal to the downwash generated by the vortices. After that, the vortex strength is solved by Gaussian 
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elimination. When the vortex strength is calculated, the vortex flow at the span-wise vortex segment’s 

midpoint or inwash is determined in the same way. The complete flow field is calculated considering the 

vortex flow, air stream and any rigid body rotation speeds. 

When downwash and inwash are calculated, solver can obtain forces, coefficients and stability 

derivatives easily. From the force acting on each panel, it is possible to calculate the pressure and 

moments. All the results are converted from body to wind axes at the end of the process. From the 

corresponding values of forces and moments in wind axes it is possible to compute the aerodynamic 

coefficients applying the standard equations. Finally, the stability derivatives are calculated and lift-

coefficient and drag-coefficient are plotted against the angle of attack. 

4.2.4 Post-processor 

Post-processor displays the computed results numerically and graphically. As this module is written 

in Matlab, many of the plotting and sorting routines are indigenous. Consequently, it is saved 

computation time in some of the operations.  

Tornado subsonic module offers numerous possibilities to show the results computed in solver. 

Possibilities can be divided in two different groups. On the one hand, the program is able to export results 

to a text file.  On the other hand, there are three main plot functions available. Firstly the module can 

draw the geometry of the arbitrary configuration studied. When this option is selected, three charts are 

showed: a two-dimensional plot of planform with layout of wings with its partitions and panels, a three-

dimensional plot that shows the planform layout with the collocations points of the panels and the normal 

and finally a three-dimensional plot that shows the panel layout with the trailing vortices. Secondly a set 

of simple solutions plots such as pressure coefficient distribution across the aircraft by a color map, panel 

z-force component on each panel, wing vorticity as an elevated surface above the planform and so on. It 

is also possible to show all the results in different figures containing text. Thirdly the program can show 

the plots with the viscous drag estimations. Specifically wing system at zero lift drag estimation and body 

friction drag estimation are plotted. 

4.3 Supersonic module 

The supersonic module is an extension of the Tornado code that allow that the program be capable to 

solve problems with Mach number included in the supersonic range        . The results in 

transonic cases are not expected.  
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The reference units used and the reference system used in Tornado supersonic module is centered in 

the airplane, exactly the same as the subsonic module. The main difference between modules is in the 

reference axes used in supersonic module. The axes used in supersonic are rotated twice respect of the 

subsonic axes. More information about the rotation of the axes can be found in section [5.1.1]. 

 

This module can calculate aerodynamic characteristics; specifically lift curves and induced drag, 

pressure coefficient distribution and three-dimensional forces and moments acting on each panel.  

As any other code implementation, Tornado supersonic module has some limitations and errors that 

should be considered. The most notable limitation is that all of these coefficients are calculated for lifting 

surfaces but not for fuselage or nacelles like in subsonic cases. 

4.3.1 Computational method 

Tornado supersonic code is also written in Matlab to facilitate the connection between modules. The 

influence from a discretized vortex horseshoe does not cause problems in the computations in supersonic 

cases. However, if the aerodynamic influence between panels is not considered, jagged results are 

obtained. This is the reason why the code must be amended in such way that the influence of every vortex 

segment will be treated correctly. Supersonic module code can be divided into three different parts: pre-

processor, solver and post-processor. The code is divided in the same way as in subsonic module, but 

inside of each of these parts, different steps are developed. Pre-processor and solver are again the most 

important parts because the results of strength, forces and moments depend on the variables defined in the 

pre-processor and the computations does in solver. Fig. 8 shows a sketch of the internal process. 

 

Fig. 8 Internal structure of Tornado supersonic module 
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4.3.2 Pre-processor 

In the pre-processor of the supersonic module the user introduces all the inputs necessary to define 

the geometry, the vortex lattice and the boundary conditions. The steps does in this section are the same 

for supersonic and subsonic cases. (More information can be found in section [4.2]).  

The aerodynamic influence between panels affects the downwash and inwash, therefore, it must be 

computed before the calculation of these two parameters. (More information about the method used to 

compute the aerodynamic influence matrix can be found in section [5.1.2]). 

4.3.3 Solver 

This is the main part of Tornado supersonic module because is where the data introduced in the pre-

processor part and the matrix cone calculated is applied. As is shown in Fig. 8, the downwash is 

calculated in every collocation point taking into account the matrix cone. This means that downwash 

matrix must be multiplied by the matrix cone; therefore, in some of the collocation points, the downwash 

will be zero. After that, the boundary conditions are imposed. Vortex strength is solved in the same way 

than in Tornado subsonic module. When the vortex strength is calculated, the vortex flow at the span-

wise vortex segment’s midpoint or inwash is determined. Once the values of inwash are obtained, the 

procedure is the same as in the downwash computation, the values must be multiplied by the matrix cone, 

and some of the collocation points will have a zero inwash. The complete flow field is calculated 

considering the vortex flow, the infinity air stream and any rigid body rotation speeds. When downwash 

and inwash are calculated, the solver can obtain strength, forces and moments easily. From the force 

acting on each panel, it is possible to calculate the pressure distribution, the aerodynamic coefficients and 

the global lifting surface. 

4.3.4 Post-processor 

Post-processor displays the computed results numerically or graphically. As in subsonic module, 

Tornado supersonic module offers numerous possibilities to show the results computed in the solver part. 

Firstly, the program is able to export results to a text file.  Secondly, there are some plot functions 

available. The main difference between the subsonic and supersonic post-processor section is in the 

number of results plotted. While in the subsonic module three different types of graphs are offered, in the 

supersonic module there are only two possibilities. One of them is the possibility of drawing the geometry 

of the configuration studied. More on this option is explained in section [4.2.4]. The remaining option is a 
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set of simple solution plots such as pressure coefficient distribution across the aircraft by a color map, 

panel z-force component on each panel, lift-coefficient versus angle of attack or different aspect ratios 

and so on. It is also possible to show all the results in different figures containing text.   
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5. Method and algorithm 

While the contents of section [4] describe the main computational characteristics of Tornado, the 

information presented in this section focuses on the programming developed. Following which the code 

structure and the algorithm used in each function are detailed.  

The code of supersonic module is divided into four different M-files, known as fmatrix_rot, 

solver_super, coeff_create_super and results_super. Furthermore, Tornado supersonic module has no 

main menu which allows the user to choose an option. The function of the main menu is developed by 

tornado_batch M-file. It loads a geometry and state file directly. However, the user can introduce or 

modify parameters regarding to geometry, state or lattice, writing the command directly in this M-file. 

When the geometry, state and lattice are defined, then the fmatrix_rot is called, followed by solver_super 

M-file, which calls internally to coeff_create_super M-file. All the outputs computed in these files are 

saved directly in a folder called output. The easy way to access the results_super M-file is writing by the 

order directly in the Matlab command window.  

5.1 Matrix rotation M-file 

The fmatrix_rot M-file contains two different functions.  

Firstly, there is fmatrix_rot function. It is implemented after load the geometry, state, lattice and 

reference units. The aim of this function is rotate the collocation and vortex points, normal and XYZ 

coordinates from Tornado subsonic axes to supersonic axes. It is necessary that all the inputs are defined 

before to carry out fmatrix_rot M-file. If any of the inputs are not specified, an error message appears in 

the screen to communicate the user that is not possible to execute the program. This function returns 

three-dimensional matrixes with the collocation points, normal, vortex points and XYZ coordinates in the 

axes rotated, as well as, the geometry of the configuration studied plotted in these rotated axes. Two 

different points of views of the geometry are plotted, front and top. The subsonic aircraft B-52A is used 

as an example to shown the results obtained when this M-file is executed. The main geometric 

characteristics of the model are shown in Table 3. 

Fig. 9 shows the different geometry views obtained after the execution of fmatrix_rot function. It 

is possible to see how is the geometry rotated regarding to the horizontal axis, for a      and    . 
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 Wing 1  Wing 2 Wing 3 

 Partition 1 Partition 2 Partition 1 Partition 1 

  (m) 8.69 8.69 7.92 7.57 

  (m) 3.09 53.31 16.42 19.72 

     (rad) 0 0.61 0.56 0.59 

  (rad) 0 -0.05 -0.05 1.57 

  1 0.42 0.29 0.15 

 

Table 3 Main geometric characteristics of the model B-52A  

In this simulation three different state parameters are considered. These are Mach number equal to 2 

and angle of attack and sideslip of 6 and 0 degrees, respectively. The number of panels selected is 180 

panels for the main wing and 50 panels for the second and third one because the accuracy of the results is 

not especially important in this example. 

      

Fig. 9 Coordinate rotation of the model B-52A by Tornado supersonic module 

5.1.1 Method used to rotate the axes in supersonic module 

The axes used in supersonic are rotated twice respect of the subsonic axes. Firstly, subsonic axes are 

rotated around the y-axis through the angle of attack,  . The new axes obtained are again rotated around 

the z-axis through the angle of sideslip,  . In Fig. 10 an aircraft sketch with the reference point (  ) and 

the body axes used in subsonic module (              ) and the axes applied in Tornado supersonic 

module (              ) is shown. 
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Fig. 10 Subsonic and supersonic axes used in Tornado subsonic and supersonic module, respectively 

In Tornado supersonic module it is necessary to define the vortex points, the collocation points, the 

XYZ coordinates and the normal to each panel computed in the Tornado subsonic module in the new axes 

of reference before to do the computations. To carry out this process, the transformation matrix is detailed 

first. It depends on the angle of attack and angle of sideslip and it can be mathematically expressed by 

Eq.(9).  

 
                       
                      

          

  

 

 

 

(9) 

 

Then, all the points mentioned are rotated. Firstly, the collocation points and the normal to each panel 

are rotated. To do that, the coordinates computed in subsonic module and used in the supersonic module 

are multiplied by the transformation matrix defined by Eq.(9). It is possible to multiply directly both 

matrixes because they are not three-dimensional. The matrix with the collocation points is a matrix 

containing the XYZ coordinates for all the collocation points (3xnumber of panels) and the matrix of the 

normal to each panel  that contain the XYZ coordinates of the normals of every panel (3xnumber of 

panels). Secondly, the matrix with the XYZ coordinates and the matrix with the vortex points are 

converted to the new axis. The vortex point matrix is a matrix containing the XYZ coordinates for all 

points on the vortex sling, normally 6 or 8 (number of panelsx3x8) and the XYZ coordinate matrix is a 

matrix that contains XYZ coordinates for every corner of each panel. To change the reference axes of 

these pair of matrixes, x-coordinate, y-coordinate and z-coordinate are rotated independently. It means 

that (x,y,z) subsonic point from any these two matrixes is used to compute the x-coordinate of the new 

matrix belonging to the Tornado supersonic module. The transformation matrix divided in the x, y and z 
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coordinates used to change the reference axes of the different points can be defined by Eq.(10), Eq.(11) 

and Eq.(12), respectively. 

                                                        

 

(10) 

 

                                             

 

(11) 

 

                          

 

(12) 

 

The reason why these pair of matrixes are defined in the new axes by other complex way is because 

they are three-dimensional matrixes. 

Secondly, there is fcone function and it is called directly from the fmatrix_rot function. The 

aim of this function is to compute the aerodynamic influence matrix. The function fcone can returns the 

aerodynamic influence matrix numerical or graphically over the lifting surfaces analyzed. In Fig. 11 is 

plotted the Mach cone influence over the model B-52A, according to the two possibilities offered by 

Tornado supersonic module (cone apex fixed at (0,0,0) and cone apex fixed at any collocation point). 

                 

Fig. 11 Mach cone influence over B-52A. The cone apex is fixed at (0, 0, 0) (left) and at any collocation point (right) 
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5.1.2 Method used to compute the aerodynamic influence matrix 

The routine for calculating the supersonic aerodynamic influence matrix, which is used in Tornado 

supersonic module, is based on the coordinate comparison. Eq. (13) defines the Mach cone 

mathematically.  

         
        

        
    

 

(13) 

 

The coordinates (        ) are different depending on which is located the apex of the cone. Tornado 

supersonic module offers two different ways to plot the Mach cone over the models analyzed. They are 

fixing the apex in the collocation point studied or fixing it at coordinate origin (0, 0, 0). If the collocation 

point is inside of the cone, the quadrilateral panel is painted red, otherwise it is painted blue. In the cases 

studied, the axis of revolution is the x-axis and the constant   is computed as the Mach angle.  

To determine the aerodynamic influence matrix Tornado supersonic module has a routine which 

compare the collocation point coordinates of each panel with the Mach cone coordinates. The collocation 

point is considered inside the Mach cone when the y-coordinate is smaller than the y-cone and the x-

coordinate is larger than the x-cone. In this case, the panel is identified by one; otherwise, it is identified 

by zero. Consequently, at the end of all the computations it is obtained a matrix composed by ones and 

zeros depending if the panel affects the panel discussed or not.  

The matrix is filled by rows. To continue is detailed an example to clarify the explanation.  

It is considered an unswept rectangular model with flat plate section and dimensions showed in Fig. 

13. Mach number is equal to 2.2. The numbers of panels chosen are the same for the chord-wise and 

span-wise. The model is discretized with eight panels; therefore the dimensions of the aerodynamic 

influence matrix will be 8x8. The apex of the cone is fixed at the collocation point analyzed in each case. 

Hence, for the analysis of the influence of all panels in the panel 1, the apex of the cone is fixed at point 

(0.75, 0.5, 0) and it is mathematically defined by Eq.(14). 

                                 

 

(14) 

 

The program compares the coordinates of the collocation points of each panel with the coordinates of 

the Mach cone defined. The solutions obtained for this first comparison are introduced in the 
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aerodynamic influence matrix by rows. In Fig. 12 is possible to see how the results of the analysis of 

Panel 1 and Panel 5 are introduced in the aerodynamic influence matrix and in Fig. 13 is shown the 

influence of the speed of sound over the model. 

       

Fig. 12 Analysis of the aerodynamic influence of all panels on Panel 1 (left) and Panel 5 (right) 

 

Fig. 13 Speed of sound influence over the unswept rectangular model analyzed . The Mach cone apex is fixed at (0, 0, 0) 

5.2 Supersonic solver M-file 

Solver_super M-file contains a function with the same name as the M-file. This function has a special 

importance because computes forces and moments on each panel. It is necessary to implement the 

functions described in section [5.1], which involves loading the main inputs concerning to body 

geometry, state, lattice, reference units and Mach cone, before carrying it out. Solver_super function 

calls to different functions located in other M-files. One of them is a new function created in the 

supersonic module development. This is coeff_create_super function and it calculates the 

aerodynamic coefficients and stability derivatives. The rest of the functions called are developed in 

Tornado subsonic module but can be applied in supersonic module too. These are fastdw function, used 
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to compute the downwash, and setboundary function to determine the boundary conditions of each 

panel. (For more information about them see [17] p. 35). As a consequence of the study of problems with 

high Mach number, the Prandtl-Glauert correction is applied in this function.  

Solver_super function returns different matrixes with the forces, strength and moments 

computed. These matrixes are used in coeff_create_super function to compute the aerodynamic 

coefficients and stability derivatives, as well as in the results_solver function to show the main 

numeric values or different plots about the force, moment and strength in each panel or in the total lifting 

surfaces.  

5.3 Aerodynamic coefficients M-file 

The coeff_create_super M-file contains four different functions. The main one has the same name as 

the file and its aim is to compute the aerodynamic coefficients and stability derivatives of the supersonic 

configurations studied.  

Coeff_create_super is called from solver_super function. This implies that the main 

inputs must be in the memory program. Downwash, inwash, strength, as well as forces and moments must 

also be computed beforehand. If these values are not introduced or computed beforehand by Tornado, this 

function cannot be run and an error message is presented.  Pressure coefficient on each panel is also 

calculated in this function. The rest of the functions existing in the M-file, are developed in Tornado 

subsonic module, but can be applied in supersonic module too. These subsonic functions are spanload 

function used to compute the spanload (force/meter) for all wings, tarea function which determines the 

area of each panel and flocal_chord to calculate the local chord at each collocation point. (For more 

information about them see [17] p. 63). 

Coeff_create_super functions returns the main aerodynamic coefficients and stability 

derivatives, as well as the total lift and drag and pressure coefficient distribution on the lifting surfaces 

studied.  

5.4 Supersonic results M-file 

The results_super M-file exclusively contains the results_super function. It is responsible of 

plotting the results of Tornado supersonic module using standard Matlab plots. Its operation procedure is 
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very simple. It reads the output files that contain the main results computed in the solver stage and 

displays all the information. This means that the results_super function cannot be implemented if 

solver_super and coeff_create_super have not been implemented previously. There are two 

different ways to plot the results. On the one hand, the data can be shown in graphs. On the other hand, 

the results can be plotted numerically in different tables. This function either does complex internal 

operations or calls any other functions. Consequently, the algorithm used in the results_super 

function is straightforward.  
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6. Geometric and aerodynamic characteristics of the validation cases 

In this section the cases analyzed with Tornado to validate the code are detailed. The cases exposed 

are lifting surfaces. Different airfoils in each of these lifting surfaces are also applied. Most of the 

problems analyzed are based on examples developed in NACA technical reports.  

6.1 Mach cone  

In this section a study about the relation between the number of panels and the computation 

accuracy and speed is conducted, as well as an analysis of the relative error in the Mach cone data 

obtained for each example studied.  

6.1.1 The accuracy and computation speed 

The computational time depends on the number of panels, therefore, if the number of panel 

increases, the time needed to do the simulation increases too. From this study an approximate number of 

panels necessary in the computations to obtain accurate values according with the time of computation is 

determined. The main error calculated is the relative error, which gives an indication of how good a 

measurement is relative to the size of the subject being measured.  

A single-delta wing with flat-plate section is used to analyze the variations in the results when the 

numbers of panels in the chord-wise or span-wise direction are changed. In Table 4 are summarized the 

main geometric characteristics of the model. The Mach number used is 2.2. 

 
 

  (m) 4 

     (deg) 23.41 

  (deg) 0 

  (deg) 0 

  0 
 

Table 4 Single delta wing with flat-plate section studied in the Mach cone validation 

After having investigated the most appropriate number of panels according to the accuracy and 

computation time, the same model and aerodynamic characteristics are used to calculate the accuracy of 

the Mach cone results obtained with Tornado supersonic module. In order to show the limitations in the 
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number of panels selected, the experimental and theoretical results are compared with the theoretical 

example detailed in [6] p. 557.  

The theoretical example developed in section [2.4] is also simulated by Tornado supersonic module. 

The numerical results obtained are compared with the theoretical data.   

6.2 Lifting-surfaces  

A brief description of the lifting surfaces analyzed is summarized in this section.  It starts with a 

simple problem and finally, a complex one is analyzed. Firstly a simple case is simplified from three-

dimensional geometry to two-dimensional. Secondly different models of unswept and swept models are 

analyzed and finally, two different compound planform wings are tested.  

6.2.1 Airfoils use 

It is necessary to specify the airfoil used in the models employed to validate the Tornado supersonic 

module. Generally, airfoils with a thin section formed by angled planes with very sharp leading and 

trailing-edges to prevent the formation of a blunt shock in front of the airfoil are used in the analysis 

done. These airfoils are known as double wedge airfoils or single wedge airfoils and are easily 

comparable with isosceles triangles because they have two equal sides and angles.  In these cases, the 

airfoil coordinates are calculated and added to the Tornado airfoil directory. 

In this project two cases in whose are used specific airfoils are studied. These are the symmetrical 

airfoils NACA 0008 and NACA 0012. The last numbers indicates the thickness of the airfoil respect to 

the chord length ratio. It means that both airfoils are quite similar. The main difference is in the thickness 

because NACA 0008 has 8% of thickness and NACA 0012 has 12%. The last one is the most used 

symmetric airfoil. These shapes of airfoils are developed by the National Advisory Committee for 

Aeronautics (NACA). In this case, the airfoil coordinates are obtained directly from JavaFoil program. 

(For more information see [18]). 

Models with a flat-plate section are also treated with the purpose of simplifies the computations and 

necessary inputs.  
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6.2.2 Main aerodynamic validations 

An attempt is made to simplify the analyzed case from three-dimensional to two-dimensional to 

study the main aerodynamic validation cases. To achieve a two-dimensional configuration, it is used a 

rectangular wing model with flat-plate section and large span, approximately 1000 m.  

The lift curve slope against the angle of attack, the lift curve values for Mach numbers belonging to 

subsonic and supersonic ranges and pressure coefficient distribution along the lift-surface chord are the 

main validations done. The number of panels used on each case is analyzed at the beginning of every 

case. The Tornado results are compared with the theoretical results calculated by basic aerodynamic 

equations such as Eq.(15), Eq.(16) or Eq.(17). The equation used in each case is specified in the 

corresponding paragraph. 

6.2.3 Unswept wing models  

After the main aerodynamic validations, the study about wing models is done. These are a set of 

unswept and swept wing models with different aspect and taper ratio. The unswept models tested are 

known as U-1, U-2, U-3, U-4, U-5, U-6 and U-7. The main difference between them it is that from U-1 to 

U-4 the lifting surfaces have constant taper ratio but decreasing aspect ratio, whereas U-5, U-6 and U-7 

have constant aspect ratio and decreasing taper ratio. The root and tip airfoil used is a single-wedge. In 

Table 5 are showed the main geometric characteristics of them. U-1, U-2, U-3 and U-4 are represented 

graphically in Fig. 14, while U-5, U-6 and U-7 are shown in Fig. 15. 

 U-1 U-2 U-3 U-4 U-5 U-6 U-7 

  (m) 0.09 0.08 0.05 0.04 0.08 0.08 0.08 

  0.5 0.5 0.5 0.5 1 0.2 0 

     (deg) 3.18 4.76 9.47 18.43 0 9.47 14.04 

AR 6 4 2 1 4 4 4 

 

Table 5 Summary of the unswept wing models geometric characteristics [19] p. 6 
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Fig. 14 Unswept geometry models with constant taper ratio and decreasing aspect ratio 

The aerodynamic characteristics of the simulation are Mach number equal to 1.53, zero angle of 

sideslip and variable angle of attack. Lift curve and lift curve slope are the main parameters analyzed. The 

results obtained by Tornado are compared with the experimental data from [19] p. 43.   

 

Fig. 15 Unswept geometry models with constant aspect ratio and decreasing taper ratio 

6.2.4 Swept wing models  

Lift curve and lift curve slope are also tested for a set of swept wing models.  They are known as 

SB-1, SB-2 and SB-3 and their leading-edge sweep angle varies between 0º and 70º. The wings have a 

common uniform isosceles triangle section 5% thick and a tapper ratio of 0.5. In Table 6 are summarized 

the main geometric parameters of the lifting surfaces mentioned and in Fig. 16 are graphically 

represented. The aerodynamic characteristics used in the simulation are the same as those used with 

unswept models (see section [6.2.3]).  
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 SB-1 SB-2 SB-3 

  (m) 0.07 0.06 0.05 

  0.5 0.5 0.5 

     (deg) 33.96 46.30 61.91 

 

Table 6 Summary of the swept models geometric characteristics [20] p. 5 

 

 

Fig. 16 Swept geometry models with a leading-edge sweep angle variable between 0º and 70º 

 

6.2.5 Regular compound planform wing models  

Finally, two different regular compound planform models are developed. They are called as Wing I 

and Wing V as they are identified in the NACA technical report [21]. Once again the lift-coefficient is the 

aerodynamic characteristic analyzed. It is assumed a Mach number 2.36, zero angle of sideslip and 

variable angle of attack. Wing I has a NACA 0008 airfoil and Wing V has a NACA 0012 airfoil. In Table 

7 are presented the main geometric characteristics of these cases and in Fig. 17 they are shown 

graphically. More information about the geometric characteristics of these wing models can be found in 

[21], p. 9. 

 Wing I  Wing V  

 Partition 1 Partition 2 Partition 1 Partition 2 

  (m) 0.09 0.13 0.07 0.10 

     (deg) 76.37 13.12 76.77 52.25 

  0.28 0.43 0.31 0 

AR 2.26 2.26 2.26 2.26 

 

Table 7 Main geometric characteristics of Wing I and Wing V [21], page 9 
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Fig. 17 Planform of Wing I (top) and Wing V(bottom) 
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7. Results 

7.1 Mach cone validation 

7.1.1 Computation accuracy, computation speed and absolute and relative errors 

The study about the computational accuracy and the number of panels is done with the single-delta 

wing model detailed in section [6.1.1]. The numerical Mach angle value for different number of panels 

between 200 and 5000 is computed by Tornado. The results obtained are compared with the theoretical 

data and the relative error is computed. Numerical and graphical results are shown in Table 8 and Fig. 18. 

Nº panels Relative error (%) 

200 33.95 

800 24.61 

1800 12.22 

3200 3.46 

5000 0.10 

 

Table 8 Difference between theoretical and experimental Mach angle value for different number of panels 

                          

Fig. 18 Comparison between the experimental and theoretical Mach cone data with 800(left) and 3200(right) panels 

From Fig. 18 and Table 8 it is possible to conclude that the variation between theoretical and 

experimental values decreases as the number of panel’s increases, until grid convergence is achieved. If 

the geometric model analyzed is defined with 1800 panels, the experimental results have around 10% of 

relative error regarding the theoretical values. It implies that any number of panels higher than 1800 is an 

appropriate number of panels to do all the simulations to validate Mach cone results. Finally, the number 

of panels selected is 2500.  
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7.1.2 Limitations in the number of panels selected 

In section 7.1.1 is justified that with 2500 panels the Mach cone Tornado results has less than 10% 

of relative error compared with the theoretical results. However, Tornado supersonic module shows some 

limitations for this number of panels. Firstly, the results obtained are valid as long as the error will be 

considered. Secondly, some accurate cases cannot be analyzed with Tornado supersonic module as the 

relative error is present in all the results and consequently, the results obtained are not the results 

expected. To give an example of these limitations it is used the theoretical example developed in [6] p. 

557. In Fig. 19 is shown the result obtained. 

 

Fig. 19 Single delta wing with flat-plate section defined by 2500 panels 

By Fig. 19 is possible to see that for 2500 panels, results obtained are not the same that shown in [6] 

p. 557. The Mach cone values obtained numerically are compared with the theoretical values and the 

relative error is computed. It is obtained an error around 6-7 percent. Consequently, the entire lifting 

model is considered under the influence of the speed of sound. If the number of panels is increases, the 
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results improve but the computation time will be increased. It is important to take into account that the 

number of panels in Tornado is limited by the memory used by Matlab.  

Now, the theoretical example developed in section [2.4] is analyzed by Tornado supersonic module. 

To remember the main geometric and aerodynamic characteristics go to section [2.4].The number of 

panels used is 2500 panels. In Table 9 it is possible to compare the numerical Mach angle obtained by 

Tornado supersonic module and the theoretical Mach angle calculated by Eq.(8). The relative error 

between theoretical and numerical data is also computed and shown in Table 9. 

Mach number Theoretical height Numerical height Relative error [%] 

1.6 2.40 2.50 4.2 

2.2 1.53 1.65 7.8 

3.2 0.99 1.13 14.1 

4.2 0.73 0.90 23.3 
 

Table 9 Comparisson between experimental and theoretical values of the example detailed in section [2.4]   

According with the data shown in Table 9 it is possible to see that the error increases when Mach 

number increases. In Fig. 20 it is possible to see graphically the behavior of the relative error curve. 

 

Fig. 20 Relative error of the Mach angle for the flat-plate delta wing detailed in section [2.4] 

As is shown in Fig. 20, the result obtained is not the expected because the relative error curve for an 

increasing Mach number should not grow exponentially but it should oscillate. An explanation for this 

can be found in the way in which the panel is considered inside or outside of the Mach cone as well as, in 

the physical and mathematical assumptions done to simplify the Tornado supersonic module 

computations.   
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7.2 Analysis of the lifting-surfaces 

7.2.1 Main aerodynamic validations results 

Firstly, it is analyzed the     curve as a function of the angle of attack for the two-dimensional 

configuration based on a rectangular wing model. More geometric details can be found in section [6.2.2]. 

The range of angles of attack studied is defined from -2  to 8  and the Mach number is 2.2. A previous 

study about the computational accuracy and the number of panels is done to determine the appropriate 

number of panels for the simulation.  According with the results obtained and the geometry dimensions 

and characteristics, it is used 500 panels to carry out the simulations.  

In Fig. 21 are shown graphically the numerical results obtained by Tornado supersonic module.  

 

Fig. 21 Graphical results of the     vs    

In Table 10 are summarized the numerical results plotted in Fig. 21. The theoretical     is 

calculated by Eq.(16) and it is equal to 2.31.The relative error obtained after the comparison between the 

numerical and theoretical results is also shown in Table 10. 

  (deg) Experimental     |Relative error (%)| 

-2 2.26 2.16 

2 2.26 2.16 

4 2.25 2.60 

6 2.24 3.03 

8 2.22 3.90 
 

Table 10 Numerical results of the     vs   study 

The difference between the theoretical and numerical data is around 2.5 percent and it is a 

consequence of the physical and mathematical assumptions done to simplify the simulations. 
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Secondly, the     curve for different subsonic and supersonic Mach numbers is analyzed for the 

two-dimensional configuration based on a rectangular wing model. More geometric details can be found 

in section [6.2.2]. Numerical results are obtained from Tornado supersonic and subsonic module, while 

theoretical values are calculated by Eq.(15) and Eq.(16), for subsonic and supersonic cases respectively. 

The results are summarized in Table 11. 

     
  

     
 

 

(15) 

 

     
 

     
 

 

(16) 

 

 

The shape of the curve of Fig. 22 has the expected shape. The variations in the lift coefficient with 

the Mach number indicate complex changes in the flow field through the transonic speed range. At Mach 

number 0.75, the flow of the upper surface is decelerates from local flow velocities which are supersonic 

without a shock wave. Near a Mach number equal to 1, the upper and lower surfaces of the model have 

reached the trailing-edge; regions are considered supersonic for most of the airfoil. This stage is known as 

transonic and the lift-curve slope tends to infinity. As expected,     in subsonic cases is higher than in 

supersonic. 

 

Fig. 22 Lift curve slope vs. Mach number for an unswept rectangular wing model 

From Fig. 22 is possible to see the main differences between the theoretical and numerical data. The 

relative error obtained with Tornado supersonic module is near 0.4 percent for subsonic cases and around 

2 percent for supersonic. It is important to emphasize that the relative error of the     is higher when the 

Mach number is inside or close to transonic stage. 
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Mach number Numerical     Theoretical     |Relative error [%]| 

0.00 6.26 6.28 0.39 

0.20 6.39 6.41 0.39 

0.40 6.83 6.86 0.39 

0.60 7.82 7.85 0.39 

0.80 10.43 10.47 0.39 

1.20 5.90 6.03 2.19 

1.50 3.50 3.58 2.12 

1.60 3.13 3.20 2.12 

1.80 2.62 2.67 2.10 

2.00 2.26 2.31 2.10 

2.40 1.80 1.83 2.08 

2.80 1.50 1.53 2.08 

3.00 1.38 1.41 2.07 

3.40 1.21 1.23 2.06 

3.60 1.13 1.16 2.07 

4.00 1.01 1.03 2.06 

4.20 0.96 0.98 2.06 

4.80 0.83 0.85 2.06 

5.00 0.80 0.82 2.06 
 

Table 11 Numerical results of lift curve slope vs. Mach number for an unswept model 

The same study is also done for a swept rectangular wing model and supersonic Mach numbers. The 

geometric characteristics of the model are those specified in section [6.2.2]. The difference is that the 

leading-edge sweep angle at quarter chord line is 40º and 60º. Tornado supersonic module results for 

these two cases of swept model are graphically compared with each other and also with the results 

obtained for the unswept rectangular wing model in Fig. 23. 

 

Fig. 23 Lift curve slope vs. supersonic Mach numbers for a swept wing model  

Theoretical values of     are calculated by Eq.(17) and compared with the numerical obtained with 

Tornado supersonic module in Table 12.   
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(17) 

 

From Table 12  it is possible to see that broadly the error in the lift curve slope values is higher for 

swept wing models than for unswept wing models.     decreases when the sweep angle at quarter chord 

line increases as a consequence of the loss of lift on the tip in sweep wing models. The lift curve slope 

obtained for unswept models is lower than for swept. 

 Numerical     Theoretical     |Relative error    | [%] 

Mach number 40º 60º 40º 60º 40º 60º 

1.6 2.92 3.13 3.54 3.78 6.58 6.34 

2 2.01 2.13 1.88 2.00 5.80 6.00 

2.8 1.29 1.37 1.10 1.17 5.76 5.85 

3 1.20 1.26 1.01 1.07 5.27 5.52 

3.6 0.98 1.03 0.81 0.85 4.63 5.43 

4 0.87 0.91 0.72 0.76 4.30 5.02 

4.2 0.83 0.87 0.68 0.72 4.18 4.50 

4.8 0.72 0.75 0.59 0.62 4.15 4.48 

5 0.69 0.72 0.57 0.59 4.06 4.03 
 

Table 12 Numerical results of lift curve slope vs. supersonic Mach number for different swept wings 

 

Thirdly, an analysis concerning the pressure coefficient along the wing model chord is done. The 

model used is detailed in section [6.2.2] taking into account a change in the chord which is increased from 

1m to 5m. The number of panels used is 1000, distributed in 10 panels in the chord-wise and 100 panels 

in the span-wise. The angle of attack chosen is 2 degrees and the Mach number is variable between 

subsonic and supersonic values. In Fig. 24 are shown the pressure coefficient numerical values depending 

on different supersonic Mach numbers. As is possible to see in Fig. 24 , it is obtained an exponential 

curve with high results in the leading-edge and low values at the positions near to the trailing-edge. Note 

that the curve obtained should be a straight line. However, the values at the beginning of the chord make a 

sloped line. This is due to the physical and mathematical assumptions done to simplify the simulations. 

As is expected, the pressure coefficient decreases when the speed increases.  
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Fig. 24 Pressure coefficient distribution for different supersonic Mach numbers 

It is also compared the pressure coefficient distribution between subsonic and supersonic cases. The 

results obtained are plotted in Fig. 25. It is important to emphasize that    values are higher for subsonic 

cases than for supersonic as well as, the    parameter decreases when the Mach number increases.  

 

Fig. 25 Comparison between pressure coefficient distribution at subsonic and supersonic speeds 

7.2.2 Three dimensional configurations problem 

As was shown in section [7.2.1], the numerical results obtained with a two-dimensional configuration 

are close to the theoretical values computed. However, analyzing all the results obtained with the three 

dimensional configurations, numerical values are smaller than theoretical. An example can be found in 

Fig. 26, where it is plotted the theoretical and numerical lift curve of the first wing model analyzed, U-1. 
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Fig. 26 Theoretical and numerical lift curve of U-1 model  

The supersonic theoretical concepts and Tornado supersonic code were reviewed more than once but 

any theoretical reason to justify this difference has been found. All the lift curves obtained by Tornado 

have the same shape than the theoretical results but they are negatively displaced in the y-axis. This 

problem appears for all the geometries simulated and set out in section [6.2].  

It is decided to propose a solution to this problem. Studying the results and the main supersonic 

concepts and equations it is deduced that if the lift coefficient for each angle of attack is multiplied by a 

parameter, the results of all simulations improves. Consequently, all the results shown in section [6.2.3], 

[6.2.4] and [6.2.5] were multiplied by the appropriate parameter. This is determined by the lift curve slope 

of the different wing models according with the Mach number used in the simulations; therefore, it varies 

when the Mach number changes. This parameter can be mathematically defined by Eq.(18), which is a 

linear equation of third degree calculated from the values shown in Fig. 27. 

                                    

 

(18) 

 

 

Fig. 27 Graphical representation of the parameter used to improve the results 
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In the cases studied in section [6.2.3] and [6.2.4], the Mach number considered is 1.53. According 

with Eq.(18) all the results showed in these sections are multiplied by 2.831. In the cases analyzed in 

section [6.2.5] the Mach number selected is 2.36; therefore all the results showed in this section are 

multiplied by 3.462.  

7.2.3 Unswept wing models results 

In this section the results obtained in the analysis of the unswept wing models detailed in section 

[6.2.3] are shown. A study of the accuracy against the number of panels is done beforehand to determine 

the number of panels more appropriate to carry out the simulations. Then, it is calculated the lift curve 

slope and the lift curve for the proposed set of unswept wing models. 

In the study about the appropriate number of panels it is used the model U-1. The numerical lift 

curve is computed and compared with the corresponding theoretical data. Thereafter the relative error is 

calculated. Main results are summarized in Table 13. In these simulations are taken into account the 

aerodynamic characteristics detailed in section [6.2.3]. 

n  paneles Relative error (%) 

200 39.45 

800 8.42 

1250 6.53 

1800 2.91 

2048 4.58 
 

Table 13 Relative error of the U-1 lift curve slope for different number of panels 

From the results of the Table 13 the number of panels used in the simulations is selected trying to 

satisfy a balance between the accuracy and the number of panels required. All the simulations are done 

for a number of panels between 200 and 2048. It is also tried a high number of panels but the problem is 

that Matlab does not have enough computing power to do that. Finally, the number of panels selected to 

analyze the unswept wing models is 1250 panels for which accurate results are achieved and the 

computation time is not excessively large. 

 

Afterwards to choose the appropriate number of panels, the lift curve slope is computed and 

analyzed. In these simulations are taken into account the aerodynamic characteristics detailed in section 
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[6.2.3]. Fig. 28 shows the results of U-1, U-2, U-3 and U-4 and Fig. 30 presents the results of the models 

U-5, U-6 and U-7. 

 

Fig. 28 Lift curve slope per radians of the unswept wing models with constant   and decreasing     

As is expected, the curves showed in Fig. 28 are straight lines for all the unswept wing models with 

constant taper ratio and decreasing aspect ratio. Enlarging the test zone is possible to see that the model 

with lower aspect ratio has lower lift curve slope (see Fig. 29). The low values of the lift-curve slope at 

low aspect ratios are caused largely by a loss of lift within the tip of the model analyzed. 

 

Fig. 29 Enlargement of the test zone of Fig. 28  

U-1, U-2, U-3 and U-4 are influenced by the angle of attack. Consequently, the straight line starts to 

be curve considerably for high angles of attack compared with the other models. This is especially notable 

in the model with lower aspect ratio, U-4. 

 

Fig. 30 Lift curve slope perradians of the unswept wing models with constant    and decreasing   
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As is expected, the curves showed in Fig. 30 are straight lines for all the unswept wing models with 

constant aspect ratio and decreasing taper ratio. Enlarging the test zone is possible to see that generally 

the values of lift curve slope for the models with constant aspect ratio and decreasing taper ratio are 

higher than the values obtained for constant taper ratio and decreasing aspect ratio (see Fig. 31). 

 

Fig. 31 Enlargement of the test zone of Fig. 30  

From Fig. 31 is also possible to see that for a constant aspect ratio and decreasing taper ratio, the 

effect of the angle of attack is the same for all the models and specially notable for high angles of attack 

because the straight line starts to curve. Consequently, the relative error obtained from the comparison 

between the numerical lift curve slope results and the theoretical values (see [19] p. 10) is higher for high 

angles of attack. It is always inside the acceptable error range  10%. 

Analyzing the numerical and theoretical lift curve slope against the aspect ratio for U-1, U-2, U-3 

and U-4 it is possible to see that both results are really close, therefore, the relative error regarding the 

theoretical values is inside the acceptable error range  10%. The models with low aspect ratio have a 

higher relative error (see Fig. 32). Theoretical results are extracted from [22] p. 19. 

 

Fig. 32 Lift curve slope per degrees vs. aspect ratio 
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From Fig. 33 it is possible to compare the numerical lift curve slope results with the theoretical 

values of the models U-5, U-6 and U-7. The relative error of the lift curve slope results is computed and 

summarized in Table 14, where it is possible to see that both results are in accord.  

 

Fig. 33 Lift curve slope per degrees vs. taper ratio 

   Relative error (%)   Relative error (%) 

1 -8.60 0 -9.34 

2 -6.21 0.2 -7.06 

4 -5.60 0.5 -4.37 

6 -5.46 1 -4.37 
 

Table 14 Absolute and relative error of the lift curve slope for decreasing aspect ratio wing models 

For low    or   the relative error increases compared with the values of error for high    or  . It 

can be due to the models with low    or   are more influenced aerodynamically. 

 

Finally it is studied the lift curve against the angle of attack for all the unswept wing models 

mentioned. In these simulations are taken into account the aerodynamic characteristics detailed in section 

[6.2.3]. Lift curves for the models with constant taper ratio and decreasing aspect ratio are shown in Fig. 

34 and for the models with constant aspect ratio and decreasing taper ratio in Fig. 35.  

 

Fig. 34 Lift curve vs. AoA of U-1. U-2, U-3 and U-4 wing models 
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Fig. 35 Lift curve vs. AoA of U-5. U-6 and U-7 wing models 

The lift curves are linear for all the wing models analyzed. Note that the values of    increases when 

the aspect ratio increases (see Fig. 34) and the lift curves of the wings with constant aspect ratio showed 

in Fig. 35 have not an appreciable change in the lift curve between them. 

The lift curve numerical results showed in Fig. 34 and Fig. 35 are compared with theoretical values 

detailed in [19] p. 10. The relative error is calculated and shown in Table 15. 

 U-1 U-2 U-3 U-4 U-5 U-6 U-7 

Relative error [%] 4.48 4.94 5.70 5.70 5.85 6.32 6.62 

 

Table 15 Relative error of the lift curve Tornado results compared with the theoretical [19] p. 10 

From the numerical results showed in Table 15 is important to emphasize that the error is around 4- 6 

percent and it is higher for the unswept wing models with constant aspect ratio and decreasing taper ratio. 

These differences between the numerical and theoretical values are due to the effects neglected in linear 

theory to compute the theoretical results [19] p. 7, and the shock waves that appear at supersonic speeds. 

The lift curve numerical results showed in Fig. 34 and Fig. 35 are compared with experimental values 

detailed in [19] p. 10. These experimental values are obtained in the Ames 1-3 foot supersonic wind 

tunnel. The relative error between these two results is computed and shown in Table 16. (More 

information about the wind tunnel and balance can be found in [25] p. 6). 

 U-1 U-2 U-3 U-4 U-5 U-6 U-7 

Relative error [%] 13.11 13.94 13.84 13.09 13.37 13.24 12.80 

 

Table 16 Relative error of the lift curve Tornado results compared with the experimental [19] p. 10 
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From the numerical results showed in Table 16 is important to emphasize that the error is around 13 

and it is constant for all the unswept wing models without changing when aspect ratio or taper ratio 

decreases.  This error is higher than the error obtained in the comparison with the theoretical results; it is 

due to the accuracy of the measurements done in the wind tunnel and the physical and mathematical 

assumptions done in the simulations.  

7.2.4 Swept wing models results 

In this section the results obtained in the analysis of the swept wing models detailed in section 

[6.2.4] are shown. Once again the number of panels more appropriate for the simulations is studied. The 

numerical lift curve results for the model SB-1 are compared with the theoretical [20] p. 18 and finally the 

relative error is computed. The results are summarized in Table 17. In these simulations are taken into 

account the aerodynamic characteristics detailed in section [6.2.4].  

n  panels Relative error (%) 

200 28.57 

800 17.96 

1250 5.22 

1800 4.04 

2048 1.44 
 

Table 17 Lift curve relative error of SB-1 model for different number of panels  

According with the results shown in Table 17, the number of panels selected is 1250 because it 

ensures a balance between the accuracy of the results and the computation time. 

 

After that, the lift curves for the proposed set of swept wing models are computed and analyzed. The 

main results obtained are shown in Fig. 36, where it is possible to see that    decreases when the leading-

edge sweep angle increases with positive angles of attack and the opposite with negative angles of attack. 

The numerical lift curves obtained are essentially linear up to the angles of attack studied. 
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Fig. 36 Lift curve vs. AoA of different swept wing models 

The lift curve results obtained by Tornado are compared with the theoretical detailed in [20] p. 18. 

Numerical results are summarized in Table 18. The overall impression is that the relative error obtained in 

the swept cases is higher than the error obtained for the unswept models. Note that the error decreases 

when the sweep angle increases, consequently, the lift curve error obtained for SB-3 with a sweep quarter 

chord line angle of 61.91degrees is the half of that obtained for SB-1 with a sweep quarter chord line of 

33.96 degrees. 

 SB-1 SB-2 SB-3 

Relative error [%] 10.07 9.76 4.52 

 

Table 18 SB-1, SB-2 and SB-3 lift curve error 

Because of this difference, the slope for a model with a specific shape it is not, as linear theory would 

suggest, completely independent of the direction of sweep. It is important to emphasize that unswept 

wings are characterized by an attached oblique shock wave at supersonic speeds. However,   if the sweep 

angle increases from zero and the Mach number and deflection angle normal to the leading edge satisfy 

the conditions for detachment of a shock wave, the shock wave can detached and move forward of the 

leading edge at all angles of attack. Consequently, this phenomenon affects all the theoretical 

aerodynamic characteristics of the wings, among them the lift curve slope and it can be one of the reasons 

why the difference between theoretical and experimental values increases with swept wing models. 

The lift curve results showed in Fig. 36 are graphically compared with theoretical and experimental 

values detailed in [20] p. 18. The results obtained are shown in Fig. 37, Fig. 38 and Fig. 39. 
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Fig. 37 Theoretical, numerical and experimental lift curve vs. AoA of SB-1 

 

Fig. 38 Theoretical, numerical and experimental lift curve vs. AoA of SB-2 

 

Fig. 39 Theoretical, numerical and experimental lift curve vs. AoA of SB-3 
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in the numerical results is inside of the range of  10% and they can be considered right results. (More 

information about the wind tunnel and balance can be found in [25] p. 6). 

 The relative error of the lift curve results decreases when the sweep angle increases as was shown in 

Table 9. Consequently, theoretical, experimental and numerical data are almost coincident for the SB-3 

wing model (see Fig. 39). Note that the main differences in the results appear for high angles of attack. It 

is due to the physical and mathematical assumptions done to simplify the simulations and the linear 

theory, as well as the accuracy and the simplifications of the measurements done in the lab. 

7.2.5 Regular compound planform wing models results 

In this section the lift curves of the regular compound planform wing models are analyzed. The 

geometric characteristics of the models and the main aerodynamic parameters are detailed in section 

[6.2.5]. A study of the accuracy against the number of panels is done beforehand to determine the number 

of panels more appropriate to carry out the simulations. According with the results the number of panels 

defined on each model is 1600 to fulfill the balance between the computational time needed and the 

results accuracy.  

In Fig. 40 are shown the lift curves of the par of wing models analyzed. The curves obtained are 

linear and nearby between them because the aerodynamic characteristics of the models are quite similar. 

As these regular compound planform wing models are composed by symmetric airfoils, the lift curve 

cross the axes at (0,0).  

 

Fig. 40 Lift curve vs. AoA of wing I and wing V 

-0,05

0

0,05

0,1

0,15

0,2

-2 0 2 4 6 8

C
L

Angle of attack [deg]

Wing V Wing I



Ester Garrido Estrada              Linköping university, Flumes 

Tornado supersonic module development  2010/2011 

Page  58/59 

 

The lift curve results obtained by Tornado are compared with the theoretical detailed in [21] p. 37. 

Numerical results are summarized in Table 19. The lift curve error obtained is 4.5 percent and 

approximately constant for the par of models analyzed. This difference in the results is due to the effects 

neglected in the theory, the accuracy of Tornado supersonic module depending on the number of panels 

selected and the physical and mathematical assumptions done to simplify the simulations. 

 Wing I Wing V 

    
            

            Relative error [%]   
            

            Relative error [%] 

-2 -0.0363 -0.0380 -4.4737 -0.0350 -0.0335 4.4776 

2 0.0363 0.0380 -4.4737 0.0350 0.0335 4.4776 

4 0.0723 0.0760 -4.8684 0.0703 0.0736 -4.4837 

6 0.1084 0.1130 -4.0708 0.1049 0.1100 -4.6364 

8 0.1433 0.1500 -4.4667 0.1392 0.1460 -4.6575 
 

Table 19 Numerical results compared with linear theory values of the wing I and wing V models 
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8. Results discussion 

After checking supersonic theoretical concepts and Tornado supersonic code it is decided to propose a 

solution as is detailed in section [7.2.2]. However, other solutions were proposed and investigated. One of 

them is proposed from the theory detailed in [8]. In Tornado supersonic module it is assumed that all 

panels affects in the same way, but as is suggested in [8], this influence changes depending on the panel 

position. The influence can be approximately expressed by an exponential curve; therefore, the panels 

located in the center of the lifting surface have a greater influence than the panels at the ends. In Fig. 41 it 

is shown a representation of the influence matrix for a single delta wing obtained by Tornado supersonic 

module. It is possible to see that as was expected the panels near the half of the wing and those contained 

in the leading-edge have difference influence compared with the other panels defined. 

 

Fig. 41 Aerodynamic influence of each panel in a single delta wing 

Nonetheless, when this new matrix of influence is determined, the most part of the values are zero or 

infinite. It implies a problem when Tornado supersonic module tries to calculate the vortex strength. No 

solution to this problem has been found. After a theoretical analysis, it can be demonstrated that this 

change improves the results obtained with Tornado but not eliminate the error. Consequently, 

computations are performed with the initial influence matrix, where it is considered that all panels have 

the same influence. (For more information see section [5.1.2]). 

8.1   Future work 

The Tornado supersonic code is an operational code to study supersonic aerodynamic cases. However, 

to improve the results accuracy, some sections of the code might require to be developed to become 

useful.   It is necessary to solve the problem of the influence matrix and compute the vortex strength 
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properly, as well as the Mach cone computation must be modified in order to reduce the error in the 

results obtained. One way to achieve it is to use the corner points to verify if the point is inside or outside 

of the Mach cone instead of the collocation point. 

Results code can be extended and adapted to give the user the possibility to display graphical or 

numerically other aerodynamic or structure parameters.  

Finally, the parameter used in all results should be theoretically justified.  Moreover, it is necessary to 

review all NACA documents mentioned in the references and the supersonic theory to find other 

theoretical points applicable in Tornado supersonic code. 
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