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ABSTRACT 

 
In the thesis, a lifting body has been designed aiming to generate lift force for the pentacopter, 

called TILT LR (Long Range), at higher velocities during flights to improve the aerodynamic 

performances. The configuration, which is used as the skeleton of the long range drone for up 

to 75 kilometers flights, is based upon a tilting system allowing the rotors to rotate around their 

own axis in both pitch and roll angles. This offers the possibility to the TILT LR flying without 

any vertical excess thrust at a proper angle of attack and velocity. This new drone can be directly 

applied to missions require long flight time or cover long distance, such as Search & Rescue 

(SAR), power lines and off-shore structures inspection, fire monitoring or surveillance. 

 Several main CAD models have been created during the process of design and presented in the 

report together with the final design. For each model in the process, CFD simulations have been 

applied to observe the behaviors of the flows around the surfaces of the body during steady 

flights, followed by a brief analysis for further modification. A series of simulations with 

varying velocities and angle of attack have been performed for the final design, analyzing its 

performances under different air conditions. Flight envelope of the design has been presented 

also, together with some ideas of possible further studies on the pentacopter.  
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1.   INTRODUCTION 
 

In this chapter, the background and a brief description of the thesis will be stated, together 
with the limitations and assumption involved in the process. The general process of the thesis 
will also be described. 

 

1.1   Background  

The developing technology has contributed to an increasing popularity of multirotor drones in 

both commercial and industrial market in the recent years.[1] Due to this expansion of market, 

the practicability of drones becomes more and more essential, leading to the request for 

increase on both the flight time and the flight distance of drones. To satisfy the growing 

demand of more power efficient drone, the main attention so far has been put on the 

development of new high power batteries and the study of advanced motors or configurations 

with more optimized power consumption. As for the frame of a drone, the strength is usually 

considered with a priority than the body aerodynamic properties from the point of safety and 

stability. Much speculation amongst the multirotor community about whether the body 

aerodynamics even really matters in multirotor drones can be found nowadays, since it is 

assumed that the drones were always flying so slow that the body aerodynamic forces 

generated by the frame would be negligible.[2] Yet with the advent of new high power hybrid 

lithium-iron and fuel cells batteries and high current/small size electronic speed controllers, 

multirotor drones are now able to fly faster than 100 kilometers per hour. This means the 

body aerodynamic properties of the drone frames are unneglectable to the power efficiency 

and might instead induce a significant improvement on the drone performance during flights. 

In this case, with the aerodynamic contribution from the body, missions covering a long range 

and requiring a long flight time, such as search & rescue, inspection of power lines and off 

shore inspection, can be achieved by drones, without costing too much human and material 

resources. 

1.2   Description and goals  

The thesis would be performed against this background, showing how a lifting body of a 

pentacopter, called TILT LR (Long Range), can be built to increase the flight time and flight 

distance by using an aerodynamic surface to generate lift during flight.  
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The basic concept is to create aerodynamic surfaces generating enough lift at medium to high 

speeds that the drone can be maintained in the air without using excess vertical thrust 

provided by the rotors during flights. Two kinds of rotors will be applied to the drone, namely 

the central rotor, which would be mainly used to provide lift for hovering and flights at low 

speed, and the attitude rotors, which are mainly responsible for the necessary thrust to 

overcome the drag and provide the attitude during flight. The system applied in the drone is a 

tilt rotor system, which means that the rotors can be altered in pitch and roll angles providing 

the necessary thrust during the flights. For ideal cases, the rotors axial alignment would lie in 

the direction of the motion, providing thrust only against the drag.  

The main goal of the thesis is to design the aerodynamic surfaces, or the lifting body to be 

precise, for a drone aimed for long range missions, followed by CFD simulations to analyze 

its performances during forward flights in steady states. The expected properties of the 

outcome design are shown in Table 1.1 

Table 1.1 Expected properties of the design 

Lift generated from the body At least 70% of the take-off weight (TOW) 

Drag generated from the body 20 – 40 % of the TOW 

Maximum dimensions, in millimeter  1500*1200*300 

The thesis will be performed by simulating the design using CFD software to acquire the 

aerodynamic effects generated by the lifting surface. The design is targeting the applications 

in industrial market, such as supply delivery, maintenance of power lines, fire observation, 

surveillance on so on. Depending on the application, the expected outcome can be varying, 

which means the crucial variables might be altered to achieve the goal in each mission. 

1.3   Limitations and assumptions 

According to the basic concept of the thesis, several limitations and assumptions are made 

during the design and analysis process: 

•   The dimensions of the drone are not flexible, which means the space available for the 

body is restricted.  

•   No aeroelasticity phenomena, such as flutter and divergence, are to be considered in the 

thesis. 
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•   The main focus of the thesis will be put on the aerodynamic properties only, which means 

the mechanic and electric constructions are not to be designed or analyzed. 

•   Only steady states will be considered for the simulation. 

•   All the results presented in the report will be normalized, which will be discussed later. 

1.4   General process/methodology 

The process designing and analyzing the lifting body up to the results requires four steps with 

seven programs involved, namely Onshape, SolidEdge, AutoCAD, Pointwise, CFD++, 

Paraview and Matlab. 

The first step is Model Building using Onshape/SolidEdge/AutoCAD. The first two programs 

are both CAD tools which are used to generate the 3D models of the lifting body and the third 

was used for 2D cases mainly. The second step is Mesh using Pointwise, which is a mesh 

generating tool, used to define where the flow around the body is to be directed. The CAD file 

created in the first step is imported to this program. The third step is Simulation using CFD++, 

which is a computational fluid dynamics program, being able to solve the flow velocity field, 

boundary layers and to calculate the flow generated forces for the lifting surface. The mesh 

which is created in step two is imported to this program and the corresponding flow field is 

solved after the necessary inputs are inserted. The fourth step is Result Analysis using 

Paraview and Matlab, which are mainly for result presenting tool and calculation respectively.  

Detailed introduction of the process will be described in the next chapter. 
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2.   METHODOLOGY & THEORY  
 

In this chapter, all the theory involved in the thesis will be presented, including the 

aerodynamic theory considered during the design, the choices of the basic parameters as well 

as the inputs and principles of all the software programs used in in the thesis. 

 

2.1   Basic theory 

2.1.1   Aerodynamics theory of thin airfoil 

 

Figure 2.1 Aerodynamic forces of airfoil 

The aerodynamic forces are generated by the pressure differences and skin friction effects 

caused by air flow all over the surfaces of the aircraft.[3] Forces of most concerns, namely lift 

𝐿  and drag 𝐷 , are the components of the resultant aerodynamic force perpendicular and 

parallel to the velocity vector, which satisfy  

 𝐿 = −𝐹& sin 𝛼 + 𝐹, cos 𝛼 (2.1) 

 𝐷 = 𝐹& cos 𝛼 + 𝐹, sin 𝛼 (2.2) 

according to Figure 2.1, where 𝛼 is the angle of attack. From aerodynamics theory, the forces 

satisfy 

 𝐿 =
1
2𝐶2𝜌𝐴𝑈

6 (2.3) 

 𝐷 =
1
2𝐶7𝜌𝐴𝑈

6 (2.4) 
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where 𝜌 is known as the density of the surrounding air, 𝐴 as the chord of airfoil for 2D cases 

and the area of wings for 3D cases, 𝑈 as the velocity of free stream. In the equations, 𝐶2 and 

𝐶7  are known as the lift and drag coefficient respectively, which have been generated by 

experiments for a certain airfoil and can be found in the databases. Generally, the coefficients 

of a specific airfoil can be expressed as 

 𝐶2 = 𝐶2 𝛼,𝑀 , 𝐶7 = 𝐶7(𝛼,𝑀, 𝑅𝑒) (2.5) 

where M is known as the Mach number, Re as the Reynold’s number whose influence on lift 

coefficient is neglected in normal cases where Re is high and M is low. 

Eq. 2.3 and 2.4 only apply under the assumption of 2D cases or 3D cases with a wing of 

infinite length, which means 3D effects are not considered. Thus, the estimation made using 

the equations are not precise for 3D cases, which will be discussed in the following sections 

of this chapter.  

2.1.2   Computational Fluid Dynamics 

Computational Fluid Dynamics, known as CFD, is a branch of fluid mechanics using 

numerical analysis and algorithms to solve and analyze problems that involve fluid flow, heat 

transfer and associated phenomena such as chemical reactions. There are several approaches 

available depending on the specific situation that is needed to be solved, which generally 

follow the same procedure. The volume of interest is first defined by physical boundaries as 

the computational domain. Then the fluid inside the volume is divided into discrete, non-

overlapping cell, which is usually named as the mesh. The development of the model to use is 

the next step, where the equations of motion, turbulence model as well as the properties of the 

fluid are to be defined according to the conditions. Then the specifications of appropriate 

boundary conditions at cells which coincide with or touch the domain are to be made before 

the problem is finally solved iteratively as a steady-state or transient.[4] 

The technique is very powerful and widely used in all kind of industrial and non-industrial 

application areas, aerodynamics of aircraft and vehicles in particularity, which is the reason 

that CFD was the main method applied in the thesis. 

2.1.3   Boundary layer and flow separation 

As a body moves relative to a fluid, the molecules of the fluid near the body are disturbed and 

move around the body, where aerodynamic forces are generated. The molecules right next to 
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the body surface would stick to the surface, due to the forces while the molecules just above 

the surface would slow down in their collisions with the molecules sticking to the surface. 

The effect of these collisions get weaker and weaker with the increase of the distance to the 

surface, which means the velocity of the molecules get higher as they are farther away from 

the body until it gets to the velocity of free stream.[5] A thin layer is therefore created by this 

behavior of the fluid near the body, which is usually referred as boundary layer, as shown in 

Figure 2.2. 

 

Figure 2.2 Boundary layer and flow separation[6] 

In the boundary layer, viscous forces play an important part close to the body surface 

affecting the behavior of the flow there. When the boundary layer travels far enough against 

the adverse pressure gradient, it detaches from the surface of the body forming eddies and 

vortices and flow separation occurs, as shown in Figure 2.2. 

2.1.4   𝑦? theory 

For a simulation with accurate result, a decent model of boundary layer is required. A 

boundary layer is the part of flow next to solid surface in the air field, where viscous forces 

play a dominant part distorting the non-viscous flow. In the thesis, according to the industrial 

purposes of the drone, the surrounding air condition is assumed to be turbulent, which 

contributes to a total turbulent boundary layer model. Consequently, a proper value of the 

dimensionless wall distance, namely 𝑦?, is required for modelling the influence of the viscous 

forces in a turbulent layer.  
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Since the exact value of 𝑦? can only be calculated with the actual boundary layer built after 

the simulation, a decent estimation of the value is necessary during the meshing for the choice 

of the first cell height, h. The dimensionless wall distance, which was first introduced by 

Theodore von Karman[7], can be expressed as 

 𝑦? =
𝑢Aℎ
𝜈  (2.6) 

In the equation above, 𝜈 is kinematic viscosity, while 𝑢A is the wall friction velocity 

 𝑢A =
𝜏E
𝜌 = 𝜈

𝜕𝑈
𝜕ℎ EGHH

= 𝑈
1
2𝐶I (2.7) 

where U is the velocity of  the air flow and 𝐶Iis the friction coefficient. Combining all the 

equations above, the height of first cell can be determined as 

 ℎ =
𝜈𝑦?

𝑈 1
2𝐶I

 (2.9) 

According to empirical relations for boundary layers, friction coefficient can be expressed as 

 
𝐶I
2 ≈ 0.0296𝑅𝑒&

OPQ (2.10) 

for turbulent layer and  

 
𝐶I
2 ≈ 0.332𝑅𝑒&

OP6 (2.11) 

for laminar layer. For different location on the surface, distance from the leading edge 𝑥 is 

chosen and therefore the corresponding Reynolds number of the location is 

 𝑅𝑒& =
𝑥𝑈
𝜈  (2.12) 

The relationship of the air flow velocity U, the dimensionless wall distance 𝑦? and the first 

cell height h is described by Eq. 2.6 – 2.12, where it can be concluded that when U increases, 

if the quality of the boundary layer model is to be maintained meaning 𝑦? stays constant,  h 

needs to be reduced. Similarly, if the reference length x increases, h needs to be increased for 
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a constant 𝑦? of the boundary layer model. This will be applied later for the choice of a 

suitable first cell height for 3D simulations after the study of 𝑦? have been done.  

Using Eq. 2.12 where x is chosen as the maximum length of the body and U as the reference 

velocity, an estimation of Reynold’s number can be made for the simulations that would be 

performed in the thesis. The Reynold’s number was estimated to be 580000 approximately, 

which is fairly low for an aircraft. This means that the state of the flow, namely laminar or 

turbulent, is difficult to be estimated and could be dependent on subtile difference. Since it 

was almost impossible to determine when and where the transition from laminar boundary to 

turbulent would start on the body, the state of boundary was assumed to be totally turbulent 

for all the simulations performed in the thesis, which would insert some error from the reality, 

but also was the best choice in the cases. 

2.1.5   Aspect ratio & Downwash effect 

 
Figure 2.3 Definition of the aspect ratio 

As shown in Figure 2.3, for an airplane, the aspect ratio is defined as the ratio of its span s to 

the aerodynamic breadth chord, which normally is not constant for most wings. In this case, 

the aspect ratio is defined as  

 𝐴𝑅 =
𝑠6

𝐴  (2.13) 

where 𝐴 is the area of the wing.  
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For a real wing in three dimensions, there are many factors that might result in the difference 

between theoretical aerodynamics forces and the real ones, among which the so called 

downwash effect is of great significance. For lifting surfaces, the air pressure on the upper 

side is lower than the pressure below, along the span. Near the wing tips, the air is therefore 

driven by the different pressures to move from the lower side to the upper side, resulting in 

vortices during flights, as shown in Figure 2.4 and 2.5.  

 
Figure 2.4 Downwash effect from the top view 

The wing tip vortices produce a downwash of air behind the wings, which is very strong at the 

wing tips and decreases to the roots of the wings, inducing a downwash flow which decreases 

the effective angle of attack of the wings. The flow creates an additional, downstream-facing 

component to the aerodynamic force acting all over the wings and induces an extra drag 

which is usually known as the ‘induced drag’. Additionally, since the lift is defined to be 

perpendicular to the local flow, the wing tip is at a lower effective angle of attack due to the 

induced flow. Therefore, the lift coefficient at the tips is reduced after resolved and so is 

coefficient of the entire wing generally.[8] 
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Figure 2.5 Wing tip vortices[9] 

In this case, by taking the aspect ratio 𝐴𝑅 and the free stream lift coefficient 𝐶HU, which is 

usually stated in the details of an airfoil into consideration, the final lift coefficient 𝐶H can be 

expressed as 

 𝐶H =
𝐶HU

1 + 𝐶HU
𝜋𝐴𝑅

 (2.14) 

The induced drag coefficient then becomes 

 𝐶WX =
𝐶H6

𝜋𝐴𝑅𝑒 (2.15) 

where 𝑒  is the efficiency factor and for wings with elliptic lift distribution 𝑒 = 1  while 

generally 𝑒 < 1, and the final drag coefficient can be expressed as 

 𝐶W = 𝐶WX + 𝐶WU (2.16) 

where 𝐶U is the free stream drag coefficient. These equations were mainly used during the 

design of the body for aerodynamic force estimations, where aspect ratio is unneglectable. 
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2.2  Design parameter  

2.2.1   Airfoil 

The main idea of the design was to build a body, which was able to generate lift during flight, 

leading to the concept of airplanes, or wings to be precise. Therefore, a study of wing profile 

was performed to find a suitable wing profile as the cross section of the body. 

 

Figure 2.6 Geometry of airfoil[10] 

Figure 2.6 presents the main geometry of a wing profile, where 𝑥I is the position of maximum 

camber of its mean camber line and 𝑦I is its magnitude. According to the geometry of the 

mean camber line, the wing profiles can be divided as follow. 

•   Symmetrical airfoil 

An airfoil with zero maximum camber is called a symmetrical airfoil, as shown in Figure 2.7. 

 

Figure 2.7 Example of symmetric airfoil: NACA 0012 

With identical upper and lower surfaces, a wing with symmetric airfoil would generate no lift 

during a flight at 0° angle of attack. Symmetrical airfoils are usually applied to rotary-wings 

because they have almost no center of pressure travel, which leads to relatively constant travel 
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under varying angles of attack. Besides, symmetrical airfoils deliver acceptable performance 

under those alternating conditions, also with lower cost and ease of construction. However, 

less lift generated and relatively undesirable stall characteristics are the disadvantages 

compared to nonsymmetrical airfoil.[11]  

•   Positive cambered airfoil 

Nonsymmetrical airfoils with mean camber lines above the chord line are called positive 

cambered airfoil, as shown in Figure 2.8. 

 
Figure 2.8 Example of positive cambered airfoil section: GOE 383 

Positive lift will be generated during a flight for wings with positive cambered airfoils at 0° 

angle of attack. 

•   Negative cambered airfoil 

Oppositely, nonsymmetrical airfoils with mean camber lines below the chord line are called 

negative cambered airfoils, which will lead to negative ‘lift’ during a flight at 0° angle of 

attack and therefore, negative cambered airfoils are usually not applied to general wings or 

rotary-wings. 

Nonsymmetrical airfoils normally have an increased lift-drag ratio together with better stall 

characteristics, which contributes to better maneuverability of the drone. The disadvantages, 

on the other hand, are that wings usually experience big center of pressure travels when the 

angles of attack were changed when twisting forces might occur on the wings. For the design 

in the thesis, the drone would be mainly controlled by the rotors which means the 

maneuverability is not as important as a decent lift–drag ratio. In this case, a positive 

cambered airfoil should be a good choice for the design.  
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There were 3 airfoil profiles taken into consideration during the different phases of the design 

process, which were NACA4415, GOE383 and NACA4412 and the plots of aerodynamic 

coefficients are shown in Appendix I. NACA4415, which is a very common airfoil, was first 

chosen as the cross section of the conceptual design due to its decent lift-drag ratio at low 

angle of attack. GOE383 was than chosen for the next design, for its large maximum 

thickness which was useful to enclose the co-axial rotors at the center. The airfoil also has a 

good lift- drag ratio at low angle of attack. For the design, NACA4412 was chosen due its 

better aerodynamic properties and the small maximum thickness, since the idea of enclosing 

the central rotors was dropped. 

2.2.2   Configuration & Frame 

The configuration of a drone defines how all the rotors are placed and connected to each other 

and the main frame. The most common choices of configuration nowadays are shown in 

Figure 2.9, where the configuration of the design is supposed to be chosen. In the figure, the 

motors with double colors are co-axial rotors. 

 

Figure 2.9 Common configurations of a drone[12] 
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According to basic idea of the thesis, the following criterions were considered: 

•   Since the main lift to sustain the drone during the hovering will be mainly provided by a 

pair of co-axial rotors located at the center of the drone. The attitude rotors, known as the 

AT rotors, are therefore responsible for the thrust during transient state, cruise and 

direction turning mainly. For weight consideration, AT rotors inserted in the design 

should not be more than 4 to achieve the lightest system as possible.   

•   Due to the industrial purpose of the drone, a camera or other optical equipment needs to 

be able to be placed in the front of the drone, where enough space should be spared to 

prevent the propellers from obstructing the view. 

•   The drone is designed for long range missions mainly, which leads the efficiency of 

power to a priority. In this case, by comparing a tri-copter with a configuration of T3 and 

a quadcopter with X4, which fit the criterions above, materials show that with similar size 

and system, a tri-copter will be more efficient than a quadcopter (about 15%-25% roughly) 

if designed properly.[13],[14] 

After taken all the limitations into consideration, the initial frame of the body was given as 

Figure 2.10. Further modifications would be done according to the results of aerodynamic 

simulations. 

 
Figure 2.10 Initial frame of the body with modified T3 configuration with central co-axial rotors  
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2.2.3   Rotors 

According to the general idea, there are five rotors involved in the drone, including a pair of 

co-axial rotors located at the center of the body, three AT rotors with two at the side and the 

third behind the body, which are able to tilt, as shown in Figure 2.10.  

1)   Central Rotors 

The central rotors are mainly responsible to provide the lift required for the drone to sustain in 

the air in a hover as well as a flight when necessary. Due to the restricted space for the central 

rotors, a pair of large co-axial rotors are chosen. The lift that a pair of co-axial rotors are able 

to provide up to 1.8 times larger when compared with a single disc rotor with the same size 

propeller, which is enough to cover the entire weight of the drone. In a hover, the two discs 

are counter-rotating, providing the same amount of torque yet also in the opposite direction 

which encounter each other and consequently the stability is ensured and can be also used to 

provide yaw control. 

2)   Attitude rotors 

The two AT rotors, tilting forward and backward aside the body, are mainly responsible for 

the thrust of direction changing, forward acceleration and overcoming the drag during the 

flights. The other one located behind the body balancing the pitch and yaw moment of the 

drone caused by the lifting body during flights. According to the limitation of drag, the thrust 

provided by AT rotors is not necessary to be high, which means the efficiency should be 

considered with priority here to achieve a long flight time. 
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2.3   Simulations 
Several simulations were done after the basic design parameters were chosen, following the 

process described in Chapter 1. Each simulation was started with the model building, then 

model meshed and solved, and finally ended with the analysis of results, which will be 

discussed in detail in the section. 

2.3.1   Model building —— AutoCAD & SolidEdge & Onshape 

Model building involves three software programs, AutoCAD SolidEdge and Onshape, of 

which the former two are provided by KTH and can be accessed freely by students. The third 

one is open-source online CAD software, which is very much like SolidEdge, yet less 

functional.  

Models for 2D simulations, namely the airfoils, were first chosen and searched in the database 

of NACA online, where the airfoil coordinates data file were available. The data files were 

then transformed to 2D plots by AutoCAD in the form of ‘.igs’, which is recognizable to 

Pointwise, and ‘.dwg’ for further development of 3D models. 

Models for 3D simulations were developed inserting the 2D airfoils from AutoCAD as drafts 

of cross sections of the body. The boundaries were defined, which were restricted to be joint 

with the cross sections. Then the main parts of 3D models were built by the command ‘Loft’, 

lofting the sections along the boundaries and then mirrored forming a complete solid body. As 

the last step a hole was created by using the command ‘Extrude’, ‘cutting’ off the solid body 

where the rotors were supposed to be. 

For more information of the programs, please refer to the user manuals.  

2.3.2   Mesh —— Pointwise 

To be able to simulate an object connected to a flow using CFD solvers, a mesh has to be 

designed first. A mesh contains cells, which can be two or three dimensional depending on 

the type of object of interest. In this thesis, Pointwise was used as the software program for 

model meshing, after which it will to be able to simulate how the flow is acting around the 

lifting body and estimate the aerodynamic forces through CFD++. Pointwise is not a physical 

tool, which means no physics is involved to create the mesh around the lifting body. In this 

section, no discussion on how to create the mesh will be presented. The main focus will be the 
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options of the mesh that can be made through Pointwise and their comparison. For more 

information of Pointwise, please refer to the user manual. 

There are two different structures of meshes that can be used, one being structured meshing 

and the second, unstructured meshing. 

1)   Structured meshing 

Designing a structured mesh is very complicated and time consuming work. The cells are 

created in the shape of quadrangles in 2D meshes and hexahedrons in 3D cases. They have to 

be very accurately built and assembled due to its high sensitivity to the quality of the cells, as 

shown in Figure 2.11. Poorly built cells might insert high skewness, which means the cells 

would perform with shape of diamond or parallelogram instead of rectangle. The cells for a 

structured mesh are four sided for 2D simulations and six faced for 3D cases.  

 

Figure 2.11 Example of a 2D structured mesh 

Decent structured mesh gives much more accurate results, more control over how the cells are 

placed. Yet, it takes a lot of time to create the structured mesh since cells are easily skewed 

with an improper performance. From the cost point of view, it takes longer time to compute 

for each cell due to more sides or faces compared to an unstructured cell. 
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2)   Unstructured meshing 

On the contrary to structured mesh, unstructured mesh can be done automatically in a desired 

manor after the domain of interests is defined. The cells of an unstructured mesh are in 

triangles in a 2D mesh and tetrahedrons in a 3D mesh. For domains where a high accuracy is 

required for the mesh like boundary layers and wakes, T-rex hybrid meshing can be applied 

by extruding layers of high-quality, high aspect ratio tetrahedrons that can be post-processed 

into stacks of prisms. Figure 2.12 exhibits a cut plane of a 3D mesh, where a combination of 

structured meshing (the right part), unstructured meshing (the middle part) and T-rex hybrid 

meshing outside the solid surfaces (the left part) is applied. 

 

Figure 2.12 Example of a 3D combination of structured and unstructured mesh 

Compared with structured mesh, unstructured mesh is less time consuming. No matching to 

the other connectors is required when creating points in unstructured mesh, which makes it 

easier to build. However, the error for an unstructured mesh is much larger since there will 

always be highly skewed cells. Another problem with unstructured meshes is the computing 

time. Even though the time needed for each cell is less, however due to the disorder of the 

cells, the number of cells required is larger than structured cases, which therefore increases 

the computing time. 

Usually, to maintain a decent accuracy with little time consumption as possible, both 

structured and unstructured meshing would be applied in the project, where structured or t-rex 

meshing is used for domains where high accuracy of the solutions is required and 

unstructured for the rest to fill the entire domain.  
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2.3.3   Simulation —— CFD++ 

In the thesis, CFD++ was used as the main computational software, simulating the 

performances of models in certain situation.  The version applied in the thesis were CFD++ 

15.1 and CFD++ 15.5. Simulations performed in the thesis were all at low speed in steady 

state with different angles of attack, where statistically-steady results were expected. Major 

inputs of the software according to conditions are discussed below and the rest were remained 

default. 

1)   Equations 

•   Basic type: Preconditioned/Pressure-Based Compressible PG NS/Euler 

The “Equation set type” is one of the most important concepts, which defines the primary 

governing equations used in the simulation. Preconditioned/Pressure-Based Compressible 

PG NS/Euler type was chosen in the simulations, which usually applies to variable-

density perfect gas simulations with low speed flow. The applicable range of Mach 

number is 0.0 to 2.0, while the preconditioning allows efficient solution of NS equations 

at low Mach numbers (smaller than 0.2) where the normal compressible formulation 

suffers from stiffness. The “preconditioning” invoked can be generally regarded as a 

method overcoming the numerical issues under low speed conditions, which helps to 

reduce the time of convergence.[15]  

•   Solve energy equation: NO 

2)   Turbulence[16] 

•   Turbulence simulation: RANS 

There are two ways of turbulence modelling achievable in simulations through CFD++, 

Reynolds-averaged Navier-Stokes (RANS) modelling and Large Eddy Simulation (LES) 

modelling. In this case, since the steady-state simulations were of primary interest for the 

models, RANS was chosen to describe the influence of turbulence, which saved quite a 

cost of calculation. LES is an appropriate method of choice when massively separated or 

inherently unsteady flows are involved.  

•   Turbulence model: 2-equation Realizable k-𝝐 Model 

2-equation Realizable k-ϵ Model was the model chosen in the thesis, which solves 

transport equations for turbulence kinetic energy and its dissipation rate. The model 

applies to most of the simulations where statistically-steady data is of interest and decent 
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convergence is allowed using RANS modelling. For introduction of other models, refer to 

the user manual of CFD++. 

•   Turbulence control: Metacomp’s Compressibility Correction turned off 

Metacomp’s Compressibility Correction usually applies to highly compressible flows for 

the realization of the diffusive mixing decrease in the turbulent region, which was not 

necessary in the cases of the thesis. 

3)   Reference quantities: Dimensional 

Both dimensional and non-dimensional data can be input into CFD++. Since the models 

built for the simulations were in the size of reality, dimensional data was preferred for the 

convenience of definition. After the choice was made, all reference variables were frozen 

to 1.0 in SI units.  

4)   Fluid properties: Base pressure level as 101325 Pa 

The Base pressure level was set to be 101325 Pa, as one standard atmospheric pressure, in 

the simulations. It is highly recommended for flows below Mach 0.1 according to the user 

manual, which can be significant in “minimizing the rounding errors in low-speed flows 

or acoustics problems in which the pressure variation may be orders of magnitude smaller 

than the mean level”. Pressure inputs in “Initial conditions” and “Boundary condition” 

were then with respect to this value. 

5)   Initial conditions  

Table 2.1 Initial conditions settings 

Initialization type Entire domain 

Static pressure 0.0 Pa 

Velocity Set according to the simulations 

Turbulence parameter Turbulence initializer 

For all the simulations, the lifting body was set to be stationary while the flows were set to 

be moving. Initial conditions were chosen according to the conditions of simulations, 

which was able to be defined in several types. The method used in the simulations was the 

type of Entire domain (Other methods please refer to the user manual). Since the 

reference quantities were set as dimensional, all the inputs entered here were limited to be 
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dimensional. The static pressure required here was the difference between desired 

pressure and base pressure, which was set earlier. Therefore, Static pressure was set as 0.0 

Pa. The Velocity varied according to the simulations and a component in Z-direction was 

defined to insert the angle of attack to the simulations.  

6)   Boundary conditions 

•   Farfield 

Table 2.2 Boundary condition of farfield 

Boundary condition group Inflow/Outflow 

Boundary condition sub-group Inflow/Outflow 

Boundary condition Inflow/Outflow-Characteristics-based 

The control volumes selected in the simulations were spheres with diameter no less than 

10 times of the span of. Since the flow was assumed to be both entering and leaving the 

volume, a sub-group of Inflow/Outflow was chosen under the group of Inflow/Outflow. 

Among all the choices given in Boundary condition, Inflow/Outflow-Characteristics-

based was chosen for farfield, which is highly recommended for a farfield condition 

where a non-zero velocity, free stream velocity in this case, is expected. 

•   Surface 

The Surface referred to the entire outside surface of the lifting body, which was set to be 

the group of Wall. To take the viscosity into consideration, which contribute to the drag 

even for perfectly smooth wall, the option of Viscous(No-slip) should be checked on. 

There are two options for the Wall Integration in the group, namely Solve to Wall and 

Wall Function. The simulations were performed in low velocities and the heat 

transformation could therefore be neglected, which led to the choice of Adiabatic-Zero 

Heat Flux. Both of the Wall Integration options were involved in the thesis, which will be 

discussed circumstantially in the following chapters. Generally, Solve to wall applies to 

the cases where 𝑦? < 1 can be guaranteed for all off-the-wall nodes, while Wall function 

is usually used for coarser cases, where 𝑦? locates between 15 and 30. Yet when 𝑦? is 

smaller than 1, the results from both of the functions converge, even though the function 

of Solve to Wall works better. The rest of the cases should be avoided for accuracy 

consideration in the simulations. Thus, an estimation of 𝑦? should be executed before the 
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model of boundary layer was built and an extra check for the value is also necessary after 

the simulations to confirm that the options chosen for Wall integration correspond to the 

𝑦? value. One more thing is that, for the function of Solve to Wall, the roughness of the 

wall is not required, while for the cases of Wall function, the roughness can be defined in 

detail after checking the option of Wall roughness on if necessary. This is not involved in 

the thesis, since all the simulations were performed using Solve to Wall. 2D simulations 

were performed to study the most appropriate boundary layer model, which will be stated 

in the later chapters.  

Table 2.3 Boundary conditions of the body surfaces 

Boundary condition group Wall 

Wall type Viscous (No slip) 

Wall heat transfer Adiabatic-Zero Heat Flux 

Wall integration Solve to Wall / Wall Function 

Wall motion Stationary-With respect to the mesh motion 

7)   Rotor & trim control 

Since the simulation of a “real rotor” is very hard and time consuming to achieve, a 

configuration was inserted directly by CFD++ to replace the rotors, known as Helicopter 

Rotor Model, which created a virtual rotor in a defined area. In the model, specifications 

of the rotor needed to be defined according to the reality, including rotor radius, pitch 

angles, rpm and so on, which influence the performance of the rotor significantly. 

Since the thrust provided by rotors is affected by several factors, it is essential to define 

the desired thrust for a rotor model in CFD++. This was achieved by Trim Control, which 

uses an iterative procedure where the pitch angle is adjusted until the desired thrust is 

achieved. This command was also responsible for the observation of the thrust generated 

during the simulations. For the simulations in the thesis, the rotor model allows a fast 

approximation of the rotor's effect on the flow field with results, which are decent enough 

to describe the behaviors of the rotors in the thesis. 
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8)   Other settings involved 

•   Concatenate 

When multiple meshes are to be solved at the same time, a function called concatenate 

can be used to import all mesh files. This function has been used to import boundaries of 

the rotor discs, together with another function called inter-block Connectivity, whose 

settings control the communication of flow field data between different meshes/groups. 

•   Inter-block connectivity 

As mentioned before, Inter-block Connectivity is applied to cut and paste meshes which 

are overlapping each other. In this case, the cutter cells are the rotor cells, since they are 

the smaller meshes. Else if it was the opposite, the rotor cells would be completely 

removed. The farfield mesh has been defined as the live boundary, which means that it 

was defined to be cut from, as shown in Figure 2.12-(a), where red domain is the farfield 

and blue one refers to the disc. When the cutting has occurred, cells of farfield around the 

disc are completely removed and then stitched together by cells of the disc, so that the 

boundaries become connected, illustrated by Figure 2.12-(b). 

 

Figure 2.13-(a) Inter-block connectivity 
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Figure 2.13-(b) Inter-block connectivity[17] 

 

2.3.4   Result analysis —— CFD++ Visualizer & Paraview & Matlab  

After the simulations were solved, the results were visualized and analyzed through 3 

different programs, namely CFD++ Visualizer Paraview and Matlab.  

CFD++ Visualizer is a built-in program of CFD++, which was mainly used for result 

observations right after the simulations were done. Parameters distributions of all the domains 

solved by CFD++ could be observed through 3D figures, 2D cutting planes and other manners.  

In order for a more advance post process, another more functional program, Paraview, was 

involved during the analysis phase. Paraview is an open-source program, which can be 

accessed and downloaded freely from their website. The results were exported from CFD++ 

in the form of ‘Binary’ and then sent to Paraview for further process. Most of the figures 

shown in Chapter 3 were produced by the program. 

Matlab was mainly applied for the calculations and line plots, dealing with the values and data 

files extracted from results. 

For more detailed information of the programs, please refer to the user manuals. 
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2.4   Result normalization 
For confidentiality consideration, the dumensional values of the results from 3D simulations 

will not be presented in the report. Instead, values stated both in the figures and the tables, 

will be normalized by specific constants for all the simulations, even though the designs were 

slightly different in dimensions. 

•   Force 

A reference mass 𝑀I is chosen for force normalization with Eq. 2.17 applied  

 𝐹 =
𝐹
𝑀I𝑔

 (2.17) 

where 𝑔 is the gravity and 𝐹 is the exact value. 

•   Velocity 

Similarly, for velocity normalization 

 𝑈 =
𝑈
𝑈I

 (2.18) 

where 𝑈I is the reference velocity and 𝑈 is the exact value of the results. 

•   Pressure 

For the values of pressure, a reference pressure 𝑃I is chosen and the normalization is achieved 

by pressure coefficient denoted as 

 𝐶^ =
𝑃 − 𝑃I
1
2𝜌𝑈I

6
 (2.19) 

where 𝜌 is the density of the atmosphere and 𝑃 is the value generated from the simulation. 

•   Moment 

For the value of moment, the reference value 𝑀I is chosen as the pitch moment of the final 

design at the reference velocity and 6o angle of attack, as shown in Table 3.8. The 

normalization is achieved using  

 𝑀 =
𝑀
𝑀I

 (2.20) 
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where 𝑀 is the exact value of the moment. 
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3.   RESULTS 
 

In this chapter, both 2D and 3D models will be presented followed by brief discussions, 

showing the main development of the model. For the final model, an analysis for the 

performance at different velocities and angle of attack will also be presented. 

 

3.1   2D simulations 
The 2D simulations were performed for the study of the requirements for the boundary layer 

model and near-wall mesh resolution in order to describe the aerodynamic behavior near the 

body using NACA 4412.  

Table 3.1 Results of 2D simulations at reference Reynold’s number, 581788 

Height of 1st cell ℎP(mm) 

& Wall integration 
Lift coefficient Drag coefficient 𝑦? 

1 WF 1.001 0.0199 <= 68 

0.4 WF 0.920 0.0321 <=29 

0.1 WF 0.960 0.0278 <=8.1 

0.05 
WF 0.970 0.0220 

<=4.6 
StW 0.973 0.0217 

0.025 
WF 0.983 0.0208 

<=2.4 
StW 0.987 0.0203 

0.01 
WF 0.980 0.0211 

<=0.96 
StW 0.989 0.0201 

0.005 
WF 0.978 0.0213 

<=0.48 
StW 0.989 0.0200 

0.0025 
WF 0.979 0.0213 

<=0.24 
StW 0.991 0.0199 

Theoretical Values 1.1155 0.01038 At Re = 500000 
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The models used in 2D simulations were airfoils with the same chord at the reference velocity, 

differed by the height of the first cell h. The air conditions for all the 2D simulations 

presented in the section were at the reference velocity and 6° angle of attack. 

The results obtained from 2D simulations are stated in Table 3.1, where ‘WF’ and ‘StW’ are 

the wall integration used in the simulations, namely ‘Wall function’ and ‘Solve to wall’ 

respectively. According to Section 2.3.3, wall integration of ‘Solve to wall’ is only 

meaningful when applied to models with 𝑦?  less than 1. Therefore, for models whose 𝑦? 

were much higher than 1, simulations were performed with wall integration of ‘Wall function’ 

only. 

 

Figure 3.1 Coefficients calculated for 2D simulations 

As illustrated in the table, significant differences occurred to the forces by changing ℎP and 

the forces start to converge when ℎ was reduced to 0.025mm, whereas 𝑦? ≤ 2.4, for both 

‘Wall function’ and ‘Solve to wall’ despite the difference between the values of them. Similar 

conclusions can be drawn for the coefficients of lift and drag calculated according Equations 

2.3 and 2.4, which are exhibited in Figure 3.1. For wall integration of ‘Wall function’, lift 

coefficient 𝐶H converges to 0.98 and drag coefficient 𝐶W to 0.022, while for ‘Solve to wall’ 𝐶H 

converges to 0.99 and 𝐶W to 0.020. Thus, the results from ‘Solve to wall’ are closer to the 

theoretical data. The difference between the theoretical values and the results obtained can be 
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explained by the difference of the Reynold’s number which is 500000 for the theoretical 

values and 581788 is the simulations. Another reason might be the inputs, such the turbulent 

model, used in CFD++ cannot describe the circumstances used for the theoretical values. 

However, according to the theory and experience, for models with 𝑦?  equals to 2.4, the 

boundary layers are not ‘decent’ enough for ‘Solve to wall’, which means there are not 

supposed to be convergence for simulations with ℎ equals to 0.025 mm. Besides, the values of 

both the forces and the coefficients should be almost the same for simulations with all 

integration of ‘Wall function’ where 𝑦? locates between 15 and 30 and ‘Solve to wall’ where 

𝑦? is less than 1.  

The explanation for these conflicts is that, according to Section 2.1.3, 𝑦?  varies by the 

distance to the leading edge of the airfoil and only the maximum values are stated in Table 3.1. 

For the simulation with ℎ equals to 0.4 mm, 𝑦? of the entire airfoil is exhibited in Figure 3.2. 

As shown in the figure, the 𝑦? value of most the lower side, as well as part of the upper side, 

is around 15, which contributed to the inaccuracy of the result. Similarly, for simulations with 

h equals to 0.025 mm, the 𝑦? value of most the airfoil is less than 1.5, as illustrated in Figure 

3.3, which increased the accuracy of the results. 𝑦? figures of all the simulations can be found 

in Appendix II. Comparing all the results, models with ℎ equals to 0.01 mm, where 𝑦? ≤

0.96 might be a ‘safe’ choice, whose 𝑦?value of the entire airfoil is shown in Figure 3.4.  

As stated at the beginning of the section, the 2D simulations performed were under the same 

air conditions, choosing the chord of the airfoil as the reference length, which could be 

different for 3D cases. In 3D simulations, the reference length was chosen to be the maximum 

length of the body and the velocity of the air flow was set to be varying, from 56% of the 

reference velocity to 140% of the velocity. According to the theory in Section 2.1.4, in order 

to maintain the quality of the boundary layer model having a 𝑦? smaller than 1 for all the 

models and all the velocities, the first cell height h needed to be re-calculated, using the 

highest velocity and the smallest reference length. The final h chosen for 3D simulations was 

3×10Ob meter and the corresponding 𝑦? would be therefore varying from 0.0477 to 0.100,  

0.074 for the reference velocity. 
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Figure 3.2 𝑦? of the airfoil with ℎ equals to 0.4 mm 

 

Figure 3.3 𝑦? of the airfoil with ℎ equals to 0.025 mm 
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Figure 3.4 𝑦? of the airfoil with ℎ equals to 0.01 mm 
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3.2   3D simulations 

3.2.1   Aspect ratio effects 

 
Figure 3.5 Wing tip vortices 

As exhibited in Figure 3.5, vortices form behind the wings during flights influencing the 

aerodynamic forces, as also discussed in Section 2.1.4. Since the size of the drone was 

restricted, there was a limitation of the entire span. In order for enough lift, a certain amount 

of lift surface area should be maintained. Therefore, the aspect ratio of the wings had to be 

quite low, leading to the effects of the vortices unneglectable. Simulations were performed to 

study how much this effect would influence on the wings with the specific airfoil profile first. 

Two wing models were built with different aspect ratios, which were 1 and 4 respectively. 

Both of the wings were simulated in a free stream with the reference velocity and angle of 

attack. The pressure distributions on the surfaces are shown in Figure 3.6 and Figure 3.7, 

while the distributions were scaled exactly the same in the figures. 

 
Figure 3.6 Pressure distribution of wing with AR=1 

 under reference condition 
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Figure 3.7 Pressure distribution of wing with AR=4 
under reference condition 

Figures indicate that the pressure of the region on the upper side of the wing with higher 

aspect ratio is much smaller than the pressure of the wing with lower aspect ratio and 

consequently, a larger lift coefficient. Same conclusion can be drawn from the values of the 

results, as stated in Table 3.2 

Table 3.2 Results of wing with different aspect ratios at reference velocity and 6° angle of attack 

 Lift coefficient Drag coefficient 

Wing with AR = 1 0.327 0.051 

Theoretical value 0.823 0.226 

Wing with AR = 4 0.648 0.029 

Theoretical value 1.025 0.094 

2D results (as AR goes to infinity) 0.990 0.020 

In the table above, the theoretical values are calculated using Eq. 2.14 2.15 and 2.16. The 

differences of the aerodynamic coefficients are very obvious according to the table, meaning 

the influence of the aspect ratio is playing an unneglectable part on the wings, which is that 

higher aspect ratio might lead to a higher lift coefficient and lower drag coefficient. The trend 

appeared in the results matched with Eq. 2.14 and 2.15, which is  

𝐶H ∝ 𝐴𝑅                       𝐶W ∝
P
de

 

for the wings. Further study of the influence on the body was also carried out and will be 

presented in the following sections. 
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3.2.2   Rotors 

Simulations of isolated rotating rotors were performed for both the AT rotor and the central 

rotor. For both cases, surrounding air flow was defined to be moving with the reference 

velocity, but for the central rotors the flow is moving in the azimuthal datum direction 

meanwhile for the AT rotors the flow is moving in axial direction. The corresponding results 

gained here were later used as a reference to study the aerodynamic interaction between the 

lifting body and the rotor for further modifications. 

1)   Central rotor 

When the central rotor was simulated rotating with constantly moving air flow, as shown in 

Figure 3.8, the stream lines were ‘wrapped’ downwards by inserting a small velocity 

component perpendicular to the disc.   

 

Figure 3.8 Stream lines of the central rotor under the reference condition 

2)   AT rotor 

Figure 3.9 presents the result of AT rotor simulation, where the component of the velocity 

perpendicular to the disc was shown. Despite the change of velocity behind the disc, the 

diameter of wake did not vary a lot. According to the configuration, AT rotors are located 

aside the wings with several centimeters distance, which means the aerodynamic influence on 

the wings by the wakes of AT rotors can be neglected. 
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Figure 3.9 Axial velocity AT rotor at forward flight under reference condition 

3.2.3   Development of the models 

To reach the final design of the lifting body, multiple designs have been modeled and 

simulated aiming to achieve the optimal solution. By using the basic aerodynamic physics, the 

lift and drag generated in the cruise were optimized. There will be five different designs 

presented in this section, while many more (with smaller alterations) are not mentioned.  

The values given in this section are the results of simulations at the reference velocity and the 

angle of attack with the highest lift-drag ratio given by the wing profile if not mentioned 

particularly, roughly 6o. 

1)   Design One —— Conception design 

The first design, as exhibited in Figure 3.10, was a conceptual design, aiming for how the 

aerodynamic effects would behave and to understand what needed to be altered. The wing 

profile used as the cross section of the body for this design was NACA 4415, which is a 

common airfoil with high lift-drag ratio. 
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Figure 3.10 CAD model of Design One 

With the three dimensional effects of the flow excluded from consideration, the lift and drag 

could not be accurately estimated. The hole disturbed the wing profile geometry contributing 

to a significant negative influence on the aerodynamics of the model. The simulated results of 

the lift and drag force are stated in Table 3.3. 

Table 3.3 Results of Design One  

Lift  Drag Normalized pitch moment 

0.23 0.37 -0.267 (pitch down) 

The pitch moment stated in the table was defined with respect to the center of the central 

rotors and the reference distance was the distance between the reference point and the 

aerodynamic center, which can be easily calculated using the pitch moment and the forces. 

This applies for all the simulations following if not mentioned particularly. The lift generated 

was too low to sustain the body in the air as the drone was traveling at the reference velocity 

and the drag was slightly too high, leading to a limitation of further increase on the velocity. 

The pitch moment stated in the table can be used to calculate the distance from the center of 

geometry to the aerodynamic center. The pressure distribution on the surface can be observed 

in Figure 3.11, where the view from the upper side of the body is placed on the left and 

bottom on the right. 
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Figure 3.11 Pressure distribution on the surface of Design One 

It can be observed that there were high pressure regions in both the front of the body and the 

back part of the central hole. The pressure gaps, as a result, generated a lot of drag, which 

would therefore reduce the maximum velocity the drone can achieve. For the lift, the higher 

pressure regions were located on the lower side of the body, and the lower pressure regions on 

the upper side. Yet the difference was not that large, so only a small amount of lift is 

generated. 

Based on this design, the following approach was to find a better solution to increase the lift, 

so that the body could sustain in the air, or at least 70% of the weight should be counteracted 

by the lifting surface. 

2)   Transition designs 

•   Design Two 

For the following design, two different goals were to be reached, increasing the lift and 

enclosing the central rotors from the azimuthal datum direction, being the motion of direction, 

in order for a high efficiency of the central rotors. The wing profile used for this design was 

GOE 383, which is a slightly thicker airfoil than NACA 4415. The model is exhibited in 

Figure 3.12. 
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Figure 3.12 CAD model of Design Two 

In this design, extra wings were added to increase the lift with a slightly thicker wing profile. 

The largest thickness for this body is enough to enclose the two central rotors from the flow 

approaching the body. The lift and drag from simulations are stated in Table 3.3. 

Table 3.3 Results of Design Two  

Lift Drag Normalized pitch moment 

1.06 0.83 -1.088 (pitch down) 

It can be seen that the lift increased about four times, which was contributed by the wings, as 

well as the drag, which in this case is hard to denote whether it was a result of the wings or 

the increase of the central hole height.   

However, since the aspect ratio in this case was extremely low, roughly 1, 3D effects such as 

vortices became less negligible as discussed in Section 2.1.4. In order to explore the influence 

of aspect ratio on the aerodynamic forces of the design, models with higher aspect ratios were 

developed as the next design.  

•   Design Three 

Two models were built in this design with the exactly same shape of the body, while one of 

the model’s central hole was rounded as shown in Figure 3.13 and the other’s was not. A 

reduction of the effects of flow separation at the front part was expected for the rounded one. 

The shape of the body was similar, yet with the airfoil NACA 4412 as the cross section of the 
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wings aiming for a decreased drag. Some small modifications were also made to the transition 

from body to wing. The wings were narrowed, by reducing the chords of the wing roots to 

half of the original, and swept backwards to observe how the lift and drag is affected by this 

altercation. 

 

Figure 3.13 CAD model of Design Three 

Table 3.5 Results of Design Three  

Central Hole Lift Drag Normalized pitch moment 

Rounded 1.31 0.72 -0.613 (pitch down) 

Not  Rounded 1.24 0.81 -0.724 (pitch down) 

For the model with rounded hole, despite the reduced wing area, the results show that lift 

increased with about 25% and drag decreased with about 12%, which compared with the 

model with not rounded hole, is 0.07 more for the lift and 0.09 less for the drag. The change 

of the forces was mainly caused by the new choice of wing profile, since NACA 4412 

maintains a much better lift-drag ratio in the same atmospheric condition. From the 

comparison between the models here, conclusion can be drawn that rounding the inside wall 

of the central hole might lead to better aerodynamic forces for the lift body with a lift-drag 

ratio increase of almost 20%.  
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However, even though a more ideal aerodynamic solution was achieved by Design Three, the 

drag generated was still considered to be high, impossible to be entirely counteracted by the 

AT rotors in this atmospheric condition. Consequently, a new model was designed with 

higher aspect ratio for further study on its effect. 

•   Design Four 

For the Design Four, the aspect ratio was increased again by decreasing the chord to half all 

along the span, while the span of the body was maintained due to the limitations of the size, 

which leaded to a half area of the wings. The model is exhibited in Figure 3.14 and the results 

in Table 3.6. 

 

Figure 3.14 CAD model of Design Three 

Table 3.6 Results of Design Three  

Lift Drag Normalized pitch moment  

1.17 0.72 -0.622 (pitch down) 

As shown in the table, the drag remained almost the same while the lift decreased about 6 N 

due to the narrowed wings. This indicates that the drag was mainly generated by the central 

hole and the aspect ratio effects to aerodynamics of lifting body were small in this case. 
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Figure 3.15 Pressure distribution on the surface of Design Two, Three, Four  

Figure 3.15 presents the pressure distributions of Design Two, Three and Four, which were 

scaled identically. As exhibited in the figure, the aspect ratio was increased by reducing the 

chord while the span was maintained due to the limited available space. As the aspect ratio 

increased, the low pressure region shrank on the upper side while the lower side remained 

almost the same. This means that even though the lift coefficient was increased by increasing 

aspect ratio, the positive effect to the lift force was completely counteracted by the reduced 

wing area. As for the drag force, high pressure regions are shown at the front surface and back 

part of the hole on each of the models with reducing area as the aspect ratio increased. 

However, together with the results shown earlier in this chapter, the reduction of drag can be 

explained by the change of airfoil, which induced a better lift-drag ratio. Generally, by 

inserting the central hole to spare the space for the central rotor, extra frontal area was added, 

which might be one of the main reasons of the high drag. Therefore, the next step was to 

study whether the central hole did such an immense influence on the aerodynamic forces. 

•   Design Five 

In order to confirm the influence of the central hole, the fifth design was made, only for 

observation, as shown in Figure 3.16, in which the central hole was removed and NACA 4412 

was applied as the cross section of the entire body. Also the aspect ratio was increased, since 

the efficiency of the aspect ratio was not significant as discussed above. 
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Figure 3.16 CAD model of Design Five 

Results of the design can be observed in Table 3.5 and pressure distribution in Figure 3.17. 

Table 3.7 Results of Design Four  

Lift Drag Normalized pitch moment  

2.82 0.30 1.257  (pitch up) 

 

Figure 3.17 Pressure distribution on the surface of Design Five  

Conclusion can be drawn from both the table and the figure that by removing the central hole, 

much better aerodynamic performance can be achieved despite the low aspect ratio. Since the 

pressure distribution in Figure 3.17 was scaled the same with Figure 3.15, by comparing the 

area of the low pressure regions on the upper side, it shows that the extra lift was generated by 
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the area where the central hole was supposed to be located. Similar conclusion can be drawn 

for the reduced drag. 

3.2.4   Final design 

With the confirmation from Design Five, the main idea of the final design was to spare the 

space for central rotor without inserting a hole. Thus, the back part of the body was removed 

together with the central hole, as shown in Figure 3.18. In this case, both the lift and drag 

might be reduced greatly. Yet, as discussed earlier, the goal of the design is to generate at 

least 70% lift needed for the drone sustaining in the air during flight, and the corresponding 

lift coefficient is about 0.28. The rest of the lift could be provided by the central rotors, which 

would be rotating at a low rpm highly efficiently. Besides, with enough wing area and a fairly 

high velocity, the loss of the lift would be compensated according to Eq. 2.3, providing a low 

enough drag which would be overcome by the thrust from AT rotors.  

As shown in Figure 3.18, the cross section of the entire body was created as NACA 4412 

before the central and back part of the body was removed. Rounded curve was also applied to 

the wall of the hole, where a delay of separation effect was expected. 

 

Figure 3.18 CAD model of Final Design 

Parts of the results of final design are stated in Table 3.8, where the angle of attack was 

remained as 6° while the velocity varied from 56% to 140 % of the reference velocity. All the 

values stated in the table was normalized according to Section 2.4. The stream lines around 
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the body during the flight are exhibited in Figure 3.19 and the pressure distribution of the 

body in Figure 3.20.  

 

Figure 3.19 Stream lines around the body from the top view 

Table 3.8 Results of Final Design at 6°	  angle of attack  

Velocity 0.56 0.78 1 1.22 1.4 

Lift 0.26 0.50 0.83 1.24 1.62 

Drag 0.07 0.14 0.24 0.35 0.46 

Y-mom  0.312 0.606 1* 1.576 1.930 

* Y-moment at the reference velocity and 6° angle of attack was chosen as the reference moment for the moment 

normalization as explained in Section 2.4 

From Table 3.8, it can be seen that when divide the aerodynamic forces by the corresponding 

velocities, the values obtained are constant. This means that the aerodynamic forces were 

barely influenced by the velocity, or independent of Reynold’s number to more exactly. 

As shown in Figure 3.19, stream line at the tip of the wing barely change the direction, which 

indicates that the wing tips did quite diminutive influence to the air flow nearby, where the 

AT rotors were supposed to be located. Since the air flow near the wing tips and the wakes 

from AT rotors would not affect each other in an unneglectable way, simulations of the body 

together with AT rotors are omitted for time saving consideration. 
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Figure 3.20 Pressure distribution of the final design 

To study the performance of the design with different aerodynamic conditions, series of 

simulations with different velocities and angles of attack were performed and the 

corresponding normalized results are exhibited in Figure 3.21 and 3.22. The points presented 

in the figures are the data generated from the simulations directly, while the lines connecting 

them are estimated by using the command ‘spline’ in Matlab which only express the general 

trends of growth. The dashed lines stand for the reference TOW and estimated drag limitation 

as shown in the legends. 

Figure 3.21 illustrates that both the lift and the drag show a trend of quadratic function as the 

velocity increases for each specific angle of attack, which is reasonable according to Eq. 2.3 

and 2.4 since the reference velocity used for normalization of the lit and drag is the same for 

the different velocities.  

On the other hand, Figure 3.22 illustrates that the lift grows linearly with angle of attack while 

the velocity remains constant, except for the cases when angle of attack gets too large and 

stall is supposed to happen, as it can be observed at the end of the line with the value of 0.56 

in the upper plot. This is consistence with the lift coefficient that is reasonably independent of 

the velocity. Similar conclusion can be drawn for the drag that the growing trend of the drag 

as angle of attack increases basically agrees with the plot of the drag coefficient. 

Yet one thing needed to be noticed is that the comparison performed above is between the 

results from 3D simulations and theory in 2D cases. This means the 3D effects such as 

downwash effect might lead to a significant difference, including the increase of the stall 

angle as one can observe in Figure 3.22. Although, the computed lift and drag coefficients 

very well follows the expected trends. 
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Figure 3.21 Aerodynamic forces of final design at different angles of attack 
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Figure 3.22 Aerodynamic forces of final design at different velocities 
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The lift and drag coefficients, 𝐶H and 𝐶W, normalized by the free stream velocities, are plotted 

in Figure 3.23. 𝐶H  is almost independent of the velocity which means that the Reynold’s 

number effects are negligible. Only small variations are seen for 𝐶W  in particular for the 

lowest angle of attack where the viscous part of the drag becomes more important. The lowest 

velocity gives slightly higher 𝐶W  which is consistent with the expected behavior for low 

Reynold’s number. 

 

Figure 3.23 Aerodynamic coefficients of final design at different velocities 
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3.3   Model with the central rotor 
As mentioned earlier, the rotor models were used to approximate the flows around the body to 

observe how the lift and drag would behave. Simulations were performed of the lifting body 

together with the co-axial rotors activated at the reference angle of attack and varying 

velocities. The corresponding results are stated in Table 3.9 and the stream line distributions 

in Figure 3.23 and 3.24. 

Table 3.9 Result when the central rotors are added, at 6° angle of attack 

Velocity 0.56 0.78 1 1.22 1.4 

Lift (body alone) 0.432 0.685 1.019 1.451 1.851 

Drag 0.113 0.179 0.266 0.377 0.483 

Lift with rotor 0.885 1.138 1.472 1.904 2.304 

 
Figure 3.23 Stream lines body at the cutting plane in the middle of the body 

before/after the central rotors were added 
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The figures show some slight differences of the stream line distribution around the body when 

compared with Figure 3.19, which were believed to be caused by the rotation of the rotors. 

 
Figure 3.24 Stream lines body around the body after the central rotors were added 

at 6° angle of attack 

The values of both the lift and drag are normalized values generated from the body alone 

when the central rotors were added and activated. Figure 3.25 exhibits the comparison of 

these results with the results earlier, where it can be seen that both of the forces increased 

slightly. In the upper plot, the red line stands for the total lift provided by the surfaces and the 

rotors when the rotors are activated, while the blue line stands for the lift provided by the 

lifting surfaces only. The green dashed line on the other hand stands for the results obtained 

earlier, which is similar for the lower plot. According to the results, about extra 0.2 

normalized lift was gained directly from the lifting body, while for the drag, the extra amount 

was 0.035 approximately, as shown in the figure. The lift-drag ratio of the extra forces was 

therefore 5.71, which is larger than 3.5, the ratio of forces when no central rotors were added 

at the same angle of attack. This means that by adding and activating the central rotors, the 

aerodynamic performance of the body improved. The probable explanation was that when the 

central rotors were activated, the flow on the upper side of the body was accelerated by the 

suction of the rotors. This suction might also counteract the 3D effects such as downwash 

effect to some degree, by preventing the flow from traveling spanwise from the root of the 

wings to the wing tip. Consequently, the lift-drag ratio became larger for the body. 
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Figure 3.25 Comparison of the aerodynamic forces with/without the central rotors 
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4.   CONCLUSION & DISCUSSION 

4.1   Flight envelope 
Figure 4.1 presents the aerodynamic force contour plots of the final design without the central 

rotors. As stated in the legend, the rainbow-colored lines stand for the lift and the red dashed 

lines stands for the drag limitations, which were chosen as 28% to 40% of the reference TOW.    

 

Figure 4.1 Flight envelope 

With specific aerodynamic force expectations, the contour plots exhibit the possible flight 

domain where the corresponding flight conditions can be found. For example, if the desired 

lift is between 75% and 100% of the TOW, and the drag is chosen to be no more than the 

minimum limitation, which is 28% of the reference Tow, then the possible flight conditions 

locate in the domain bounded by the rainbow-colored lines of ‘0.75’ and ‘1’, on the left of the 

red dashed line of ‘0.28’. The information can be used as the reference for the adjustment of 

the rotor settings. 
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A similar flight envelop should be built for the case where the central rotors are activated. 

However, so far only the simulations at a constant angle of attack and rotor speed have been 

performed, which is not sufficient for a complete envelope. 

4.2   Further study of the thesis 

4.2.1   Winglet 

A winglet can be added at the wing tips to prevent the aerodynamic performance there from 

being influenced by the 3D effects too much as shown in Figure 4.2, where a pair of winglet 

were added. 

 
Figure 4.2 CAD model of body with winglets 

An prelaminar simulation was performed at the reference air conditions and the results are 
shown in Figure 4.3. 

 
Figure 4.3 Pressure distribution of the model with winglets 
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The figure exhibits that the low pressure regions expanded compared with the ones in Figure 

3.20, to the winglets, which improved the lift force. Further study on the optimal dimensions 

of the winglets and its influence on the aerodynamic performance can be carried out in the 

future.  

Table 4.1 Results of model with winglets at 6° angle of attack  

Lift Drag Normalized pitch moment  

0.97 0.25 1.257  (pitch up) 

4.2.2   AT rotor choice 

The free stream velocity is one of the most significant factors influencing the efficiency of a 

rotor. When the velocity is high enough, the thrust efficiency of the rotors can be low (even 

negative, which means the rotor is unloaded or working as a turbine providing drag during a 

flight). In the thesis, the AT rotors are supposed to work at different velocities, varying from 0 

to 40 𝑚 𝑠 approximately, which leads to a huge change on the rotor efficiency. Therefore, 

such choice of the AT rotors should make that decent efficiency is achievable for the entire 

velocity range in case the thrust provided to overcome the drag is not enough during a flight. 

4.2.3   Modification of the wings 

As stated in Chapter 3, the aspect ratio of the wings plays significant part on the aerodynamic 

performance of the drone.  Consequently, modifications for wings with higher aspect ratio 

would improve the performance greatly.  

Within the confined space, one idea is to construct a split-level double-wing device on each 

side of the body, maintaining the lifting area meanwhile increasing the aspect ratio of each 

wing at the same time. The potential problem of the device is that there might be a strong 

interaction between the flows surrounding the wings on the same side, which might lead to a 

decrease on the lift and an increase on the drag. 

Another idea is to use extra wing sections to extend the span mechanically, increasing both 

the aspect ratio and the wing area, as shown in Figure 4.4. 
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Figure 4.4 Split-level double-wing device 

 

Figure 4.5 Plugged wing 

The device is a direct way to increase the aspect ratio, but it is only applicable when the 

limitation of span is flexible according to different missions.  

4.2.4   Interaction between the body and the central rotors 

According to the comparison between the distributions of stream lines around the body before 

and after activating the central rotors, there are slight differences on the interaction between 

the body and the rotors, which might be a worthy and interesting subject for further study. 

Since the space between the central rotors is very small, the flows caused by the rotor might 

influence the aerodynamics on the body, which can both be positive and negative. When the 
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flows from the rotors disturb the boundary layers around the body encouraging early flow 

separations, extra drag would be induced. However, if it is possible to delay the separation by 

using the flows of the rotors to reattach the flows of the body, the aerodynamic performance 

will be greatly improved.  

4.2.5   Location of AT rotors 

 

Figure 4.6 Relocation of the AT rotors 

By relocating the AT rotors in front of or behind the wings, as shown in Figure 4.5, the 

aerodynamic performances of the drone during flight might be improved, which is worth for 

further study. For example, if the AT rotors are placed in front of the body as shown in the 

figure, the wake after the rotors will accelerate the flow above the upper surfaces of the wing, 

similar with the so called ‘upper surface blowing’ system. This improves the lift of some sort, 

even though the improvement might not be significant.  

4.2.6   Control surfaces 

Inserting control surfaces on the lifting body is another idea raised during the design process, 

which was also dropped due to the limited time and due to the initial assumption that the RC 

rotors are able to produce the necessary flight control. By adding the control surfaces, the 

maneuverability of the drone at different air conditions would be greatly improved together 

with the response to the sudden change of the surrounding atmosphere. Yet the complexity of 
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the control system will increase consequently, which might lead to a higher weight and 

increased power consumption. 
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APPENDIX I  

Aerodynamics Information of Airfoils Considered  

at Reynold’s number 500,000 
 

•   NACA 4415 

 
NACA 4415 airfoil  

 
Aerodynamic coefficient plots of NACA 4415 

 
Max thickness 15% at 30.9% chord. Max camber 4% at 40.2% chord  
Source UIUC Airfoil Coordinates Database Source dat file 
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•   GOE 383 

 
Gottingen 383 airfoil 

 
Aerodynamic coefficient plots of GOE 383 

 
Max thickness 20.2% at 28.7% chord. Max camber 5% at 38.7% chord 
Source UIUC Airfoil Coordinates Database Source dat file 
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•   NACA 4412 

 
NACA 4412 airfoil 

 
Aerodynamic coefficient plots of NACA 4412 

Max thickness 12% at 30% chord. Max camber 4% at 40% chord 
Source UIUC Airfoil Coordinates Database Source dat file 
 
The red point in all the aerodynamic coefficient plots stand for the points where the highest lift-drag ratio 
locates, and were chosen as the points used in the simulations. 
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APPENDIX II  

𝒚? Figures of 2D Simulations 
 

•   𝑦? of the airfoil with ℎ equals to 1 mm (Pics from Matlab) 

 

•   𝑦? of the airfoil with ℎ equals to 0.4 mm 
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•   𝑦? of the airfoil with ℎ equals to 0.1 mm 

 

 

•   𝑦? of the airfoil with ℎ equals to 0.05 mm 
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•   𝑦? of the airfoil with ℎ equals to 0.025 mm 

 

 

•   𝑦? of the airfoil with ℎ equals to 0.01 mm 
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•   𝑦? of the airfoil with ℎ equals to 0.005 mm 

 

 

•   𝑦? of the airfoil with ℎ equals to 0.0025 mm 

 


